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Abstract. The recent study of oxides led to the discovery of several new fascinating 
physical phenomena. High-temperature superconductivity, colossal magnetoresistance, 
dilute magnetic doping, or multifcrroicity were discovered and investigated in 
transition-metal oxides, representing a prototype class of strongly correlated electronic 
systems. This development was accompanied by an enormous progress regarding thin 
film fabrication. Within the past two decades, epitaxial thin films with crystalline 
quality approaching semiconductor standards became available using laser molecular 
beam epitaxy. This evolution is reviewed, particularly with emphasis on transition- 
metal oxide thin films, their versatile physical properties, and their impact on the field 
of spintronics. First, the physics of ferromagnetic half-metallic oxides, such as the 
doped manganites, the double perovskites and magnetite is presented together with 
possible applications based on magnetic tunnel junctions. Second, the wide bandgap 
semiconductor zinc oxide is discussed particularly with regard to the controversy of 
dilute magnetic doping with transition-metal ions and the possibility of realizing p- 
type conductivity. Third, the field of oxide multiferroics is presented with the recent 
developments in single-phase multiferroic thin film perovskites as well as in composite 
multiferroic hybrids. 
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1. Introduction 

Oxygen is by mass tlie most abundant cliemical element on our planet. It changed 
both the landscape and the biosphere of our planet dramatically a very long time ago 
pp. Free oxygen gas was almost non-existent in the early Earth's atmosphere before 
photosynthetic archaea and bacteria evolved. It first appeared in significant quantities 
about 2.45 billion years ago when Earth's ecology changed from anaerobic to aerobic. 
Oxygen evaporating out of the oceans reached 10% of its present level around 1.7 billion 
years ago. At that time, the presence of dissolved and free oxygen in the oceans and the 
atmosphere may have driven most of the anaerobic organisms to extinction. However, 
the beginning photosynthesis and cellular respiration of O2 facilitated the evolution of 
ultimately complex multicellular organisms such as plants and animals. At the current 
rate of photosynthesis it would take about 2,000 years to regenerate the entire free O2 
in the present atmosphere [1]. It is by mass the major component of the oceans (88.8%) 
and constitutes 49.2% of the Earth's crust by forming various types of oxide minerals - 
mainly feldspars ((Ba,Ca,Na,K,NH4)(Al,B,Si)408) and quartz (Si02). 

A first example of a functional oxide are permanent magnets of "lodestone" 
consisting of the ferrimagnetic mineral magnetite (Fe304) which were used by people in 
Sumer, ancient Greece, and China as compasses for navigating their boats across the 
sea more than 2,000 years ago In the 20th century, magnetic tapes were developed 
as recording media for audio information in the still fast growing market of consumer 
electronics. They first consisted of thin films of Fe203 which was replaced by Cr02 from 
the late 1960s. One decade ago, such ferromagnetic oxides have become of particular 
interest [3j in the field of magneto- or spin electronics [H El El Ej since some of them 
were expected to show an almost complete spin polarization of the charge carriers at 
the Fermi energy. Ferroelectric oxides, however, were found much later in history, 
and an electric hysteresis was first discovered in Rochelle salt (NaKC4H406 ■ 4II2O) 
90 years ago j^. Today, numerous piezo- and ferroelectric oxides are known, BaTiOa 
representing the prototype ferroelectric. The year 1986 marked the great breakthrough 
for superconducting oxides. Although oxide superconductors were known before [9] , the 
discovery of superconductivity in the Ba-La-Cu-0 system was a milestone in condensed 
matter physics because of its unprecedented high transition temperature of 35 K flU\ . 
Oxide semiconductors such as ZnO or Ti02 show the advantage of a wide band gap in 
the UV range making them suitable as transparent conducting oxides (TCOs) |_llj. In 
the recent past, multiferroic oxides combining two or more ferroic properties in a single 
phase have come into the focus of research fTIi ITB] . 

This development of the field of oxides was accompanied by an enormous progress 
in thin film deposition technology over the last two decades [Uj. Today, laser molecular 
beam epitaxy (laser-MBE) employing in-situ reflection high energy electron diffraction 
(RHEED) allows us to grow oxide thin films with crystalline quality approaching 
semiconductor standards [ISl HSl HZl US]- Moreover, in close analogy to GaAs/AlAs 
heteroepitaxy it is possible to grow complex heterostructures composed of different 
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oxides on suitable substrates in a layer-by-layer or block-by-block mode [T5l [T9] . Most 
recently, oxide interfaces came into the focus as they allow the realization of new effects 
due to the creation of low-dimensional interfacial electronic systems [20j . 

This topical review will describe the properties of functional oxides and 
heterostructures. I will restrict this review to magnetic, semiconducting, and 
multiferroic oxide thin film samples grown by laser-MBE. I will discuss intrinsic physical 
properties as well as extrinsic phenomena like doping and strain effects. I will show how 
the integration into oxide heterostructures can lead to novel functionalities and pave the 
way towards various applications. The topical review is organized as follows. In section 
[2| I will give a brief overview over the development of the field of oxide spintronics in the 
past years and, in particular, describe the crystallographic structure and the fabrication 
of multifunctional oxides using laser-MBE as standard fabrication technique. In section 
[3} I will review the development of half-metallic magnetic oxides and magnetic tunnel 
junctions. Section |4] will deal with the semiconducting oxide ZnO, particularly with 
respect to dilute magnetic doping and p-type conductivity. In section [5| I will give 
some insight into the rapidly growing field of oxide multiferroics and magnetoelectric 
heterostructures. Finally in section |6| I will conclude by giving a summary and a brief 
outlook to future developments. 

2. Oxides for Spintronics: Structure and Growth Aspects 

As a result of decreasing device dimensions, conventional semiconductor technology is 
approaching fundamental physical limits. Making use of the spin of the electron as a 
degree of freedom additional to its charge opened the field of magneto- or spinelectronics 
which is considered a replacement technology [1]. Starting from metal-based devices 
in the late 1980s, the field of spintronics soon expanded to transition-metal oxide 
[21] and recently even to organic materials ji22j. Within the past two decades, the 
growth of high-quality oxide thin films and heterostructures showed important advances 
concerning sample quality [3l |2T1 |23]. Whereas the growth of oxide films was first 
motivated by the discovery of high-temperature superconductivity in perovskite cuprates 
[To] , the deposition technology was soon applied to other transition-metal oxides with 
perovskite structure, namely the mixed-valence manganites. The discovery of colossal 
magnetoresistance in those thin films [2ll [25] triggered intense research activities and 
led to the use of manganites as electrodes in magnetic tunnel junctions. Since then, 
research into oxide spintronics has been intense, with the latest developments focused 
on double perovskites, dilute magnetic oxides and multiferroics |3] 121] 123]. 

2.1. Structural and Physical Properties 

2.1.1. Perovskites Earning their name from the mineral perovskite (CaTiOa), named 
after the Russian mineralogist L. A. Perovskii (1792-1856), the whole family of the 
perovskites with chemical composition ABX^~ contains a large number of compounds 
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Figure 1. Functional perovslcite oxides. Depending on the combination of A and 
B ions in the cubic structure of ABO^ (top left), different physical properties and 
ground states are realized. This family of materials earned its name from the mineral 
perovskite (CaTiOs, bottom right). 



ITT] . Among them, however, the ideal cubic structure with space group Fm3m is 
rare and CaTiOs itself is actually slightly distorted. The perovskite structure consists 
of corner sharing octahedra of BX^, building up a unit cell with a 12-fold coordinated 
cation A at its body centre. The A and X atoms in the ideal cubic ABX3 structure, 
that is realized for example in SrTiOs, form cubic close-packed layers of A + 3X. For 
further information on crystallography and chemistry, I refer the reader to ref. f2U\ . 

The intense and wide interest in the perovskite family of oxides (ABO^^) is based 
on the large variety of physical properties and ground states that can be realized 
(Fig. [1]). Depending on the combination of cations on the A and B sites, the materials 
may be conducting (even superconducting) or insulating, may show ferroelectricity or 
ferromagnetism, or may exhibit nonlinear optical behaviour. It was found that the 
electrical transport properties and the magnetic or dielectric polarizations in many 
cases show a large and non-linear response to external magnetic or electric fields. This 
situation made perovskites prominent key materials for use in numerous applications 
based on their sensor and switching functionalities. The large number of combinations 
on the cation site leads to a considerable freedom of ionic radii and ionic charges that can 
be incorporated into the lattice. The resulting electronic configurations allow bonds with 
different ionicity or covalency which result in enhanced dielectric or magnetic moments 
of the polarized electron densities. On the other hand, the anion lattice favours large 
displacements and dipole moments which may lead to complex oxygen defect structures 
[26]. 

In more detail, substituting ions with different valences on the A site will result in 
different valences for the ion on the B site. If this B site ion carries some functionality, 
such as a magnetic moment, this may lead to competing interactions which, in turn, alter 
the physical ground state of the material. Along this line, the antiferromagnetic insulator 
LaMnOs will become ferromagnetic conducting and show a colossal magnetoresistive 
effect if part of La^+ is replaced by Sr^+ (see section 3.2). On the other hand, ions with 
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Figure 2. Spinel structure. 



different sizes lead to a distortion of the crystal lattice and a rotation of the oxygen 
octahedra. The degree of distortion is usually quantified by the Goldschmidt tolerance 
factor [28] 

t= ;^+^" (1) 

V2irB + ro) 

where rA,B,o denote the ionic radii of the A, B, and ions. A perfect cubic structure 
as in SrTiOs with non-tilted oxygen octahedra is represented by t = 1. Furthermore, 
the possibility of introducing different ions on the B site extends the range of physical 
properties and ground states significantly. When placed in an ordered 1:1 fashion, the 
unit cell will double which results in the realization of double perovskites with the 
composition A2BB'0q (see section 3.3). 



In summary, perovskites show a large variety of physical and chemical properties 
which makes them interesting for basic research and technological applications (Fig. [T]) 
[29] . On this basis, the colossal magnetoresistance (OMR) effect [Ml [25] as well as 
high-Tc superconductivity [10] were discovered. 



2.1.2. Spinels Earning their name from the mineral spinel (MgAl204), the respective 
class of materials shows versatile physical properties. Spinels are cubic with space group 
FdSm and chemical composition AB2O4 and contain a large number of ions (8 formula 
units) in their unit cell (Fig. |2|. The A site ion is surrounded by an oxygen tetrahedron 
whereas the two B site ions are octahedrally coordinated. While in a normal spinel 
the A site ions have a valence of 2+ and the B site ions have 3+, in an inverse spinel 
the A site valency is 3+ which results in a mixed- valence occupancy of B"^^ / B^^ ions 
on the B site. As discussed above for the perovskites, these mixed valences again 
may lead to competing interactions and thus change the physical ground state of the 
material dramatically. A prominent example is the antiferromagnetic spinel zinc ferrite 
(ZnFe204) which transforms into the ferrimagnetic inverse spinel magnetite (Fe304) 



upon replacing Zn^"*" on the A site by Fe^"*" (see section 3.4). 



2.1.3. Wurtzite-type compounds The wurtzite structure with space group PQ^mc is the 
hexagonal analog of the zincblende (ZnS) lattice and earns its name from the mineral 
wurtzite ((Zn,Fe)S). It is composed of an hep cation and an hep anion sublattice which 
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Figure 3. Wurtzite structure. Figure provided by W Mader [50] , 

are shifted by the dimensionless u parameter along the c-axis with respect to each 
other (Fig. |3]). u = 1 indicates a shift by one complete unit cell along c. In the ideal 
coordination, where each atom is tetrahedrally coordinated, this parameter is given 
hj u = 0.375 = I pT]. The wurtzite structure lacks inversion symmetry. Therefore, 
wurtzite crystals can (and generally do) display properties such as piezoelectricity and 
pyroelectricity, which are absent for centrosymmetric crystals. The semiconductors GaN 
and ZnO crystallize in this structure. Replacing all atoms by C gives the hexagonal 
diamond structure. 

2.2. Fabrication of Oxide Thin Films using Laser-MBE 

The history of oxide thin films was strongly determined by the development of 
the appropriate deposition techniques. Due to the high melting points of the 
starting materials well above 1, 000°C, thermal evaporation of oxides is difficult. 
Therefore, several alternatives were used to achieve epitaxial growth of superconducting, 
ferromagnetic, ferroelectric, and multiferroic thin films and nanostructures - such as 
sputtering, spin coating, laser-MBE, sol-gel processes, metal-organic chemical vapor 
deposition, molecular beam epitaxy, and more. However, no other growth method had 
such a high impact as the development of the novel pulsed laser deposition (PLD) 
technique in the late 1980s, also referred to as laser-MBE. Detailed information on its 
history and evolution can be obtained through a large variety of books [321 E3] and 
reviews [HI [M] . 

Complex oxide materials moved to the forefront of materials research when the high- 
Tc oxide superconductors were discovered in 1986 [ID]. Just one year later, the research of 
complex oxide materials was revolutionized with the growth of superconducting oxide 
thin films via laser-MBE [32]. The development of laser-MBE as a new deposition 
technique required the technical development of the appropriate hardware such as 
ultra-high vacuum systems or short-wavelength lasers and was successfully applied to 
many new classes of materials. Laser-MBE is based on the stoichiometric transfer of 
material from a "target" to the substrate. The target is usually a pressed and sintered 
polycrystalline pellet having the desired stoichiometric composition for the thin film. 
Target and substrate are placed in a high vacuum chamber equipped with several 
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Figure 4. Schematic view inside the PLD process chamber, operated at WML (Inset) 
Photograph of the PLD plasma plume. 

pumps and gas inlets to establish the appropriate process atmosphere and pressure. 
Film growth is carried out in oxidizing (O2), inert (Ar, N2), or even reducing (H2) 
atmospheres. Also atomic gas sources for e.g. atomic oxygen or nitrogen are widely 
used. 

The situation inside a typical process chamber is displayed in Figure |4j Several 
targets are placed on a rotatable plate which is referred to as "target carousel". This 
facilitates a quick change between different materials during the thin film growth 
processes by just rotating this carousel to its appropriate position without changing the 
optical path for the PLD laser beam. In the on-axis geometry, the substrate is located 
opposite to the target, both sharing the same out-of-plane axis. Alternatively, the 
substrate may be placed off- axis. Its temperature is controlled via the substrate heater. 
Recently, contact-less infrared (IR) optical heating systems came into operation reaching 
temperatures of more than 1, 000°C. From outside the vacuum chamber, the IR light is 
focused onto the back of the substrate. The temperature of the substrate is determined 
by a pyrometer, also from outside the chamber. The combination of IR laser heating and 
pyrometry makes the system very convenient as there are no serviceable parts regarding 
temperature control present inside the process chamber. The combination of reactive 
gas pressure and substrate temperature offers access to a wide range of thermodynamic 
conditions for the thin film growth. 

The ablation of the target material is achieved by another external energy source: 
the PLD laser. Commonly, excimer lasers with a pulse duration of some nanoseconds 
and a wavelength in the ultraviolet regime are used. Their light is absorbed within 
the first 100 nm of the target for most oxide materials leading to an evaporation and 
ionization of part of the target creating the "plasma plume". It consists of different 
species with different masses like single ions, ionized molecules or even larger particles 
from the target. At least in the centre of the plume, however, they do not follow different 
trajectories as their dynamics and kinetics is collision-limited up to a critical distance 
from the target. This lack of discrimination of masses is crucial for successful deposition 
in on-axis geometry, but sets an upper limit for the distance to the substrate. Laser- 
MBE systems are usually equipped with a set of optics including apertures, mirrors. 
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and lenses to focus and direct the laser beam into the process chamber with the desired 
fluence. For a continuous adjustment of the fluence in a wide range of energy densities, 
some groups use a telescope optics similar to a zoom objective in photography. This 
offers the possibility to continuously zoom the laser spot size on the target surface 
without defocusing. The beam shape of the laser is crucial and its energy density has 
kept to be constant over the illuminated target area following a rectangular intensity 
profile. An angle of incidence of 45° has turned out to be optimum. Moreover, a uniform 
ablation of the target has to be maintained which can be done best by scanning the beam 
across its surface while simultaneously rotating the target. The relevant time scales are 
ns for the absorption of light and the creation of the plasma, /is for the material transfer 
to the substrate and ms for diffusion processes on the substrate or the thin film surface 
(see subsection 2.3). 

A major step forward to higher sample quality was achieved by introducing an 
in-situ characterization of the thin film via reflection high-energy electron diffraction 
(RHEED) during the deposition process. However, for the relatively high background 
pressures used for laser-MBE the mean free path for electrons inside the process chamber 
is short. Therefore, in 1996 the development of a two-stage differential pumping system 
set another milestone for in-situ characterization [36]. In-situ RHEED allowed for 
the controlled growth of oxide thin films layer-by-layer and offered the possibility to 
monitor the surface morphology in real time or even count the number of monolayers 
while growing the film. This set an important prerequisite for the controlled deposition 
of oxide multilayers and heterostructures in the following years. 

As a major advantage of laser-MBE, the process is far from thermal equilibrium and, 
therefore, preserves complex stoichiometrics. Further advantages are the simple usage 
with regard to multiple oxide materials, i.e. it is easy to replace the targets. Furthermore, 
it is cost effective for investigating a wide range of materials, and it is excellent for 
rapid prototyping of different oxides. However, the sample grower has to face some 
disadvantages as well. Historically, laser-MBE was considered to fabricate thin films 
with low quality. This is no longer valid as the invention of advanced in-situ monitoring 
processes like RHEED as well as growing experience with the process has led several 
groups to fabricate very high quality thin films. For sub-optimum growth parameters, 
laser-MBE can lead to non-uniform target erosion resulting in nonstoichiometric thin 
films. The biggest drawback from laser-MBE, however, has traditionally been the 
deposition of macroparticles in the form of explosive ejection of particles, splashing, 
and fragmentation due to thermal shock. In this context, the formation of macroscopic 
so-called "droplets" with diameters in the micrometer range on top of the growing thin 
film is a major omnipresent problem. It can be avoided by growing in off-axis geometry, 
however, at the expenses of the deposition rate. By fine-tuning the growth parameters 
and by carefully optimizing the laser spot on the target surface, droplet formation can 
be avoided when using on-axis geometry as well. 
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Figures. Thermodynamic thin film growth modes, (a) "Frank- van der Merwe" (layer 
or 2-dimensional) growth, (b) "Volmer- Weber" (island or 3-dimensional) growth, (c) 
"Stranski-Krastanov" (combined layer + island) growth. 



2.3. Growth Modes 

Depending on the process conditions, the thin films grow in one of three major 
thermodynamic growth modes, see Fig. [sj (a) "Frank-van der Merwe" (layer or 2- 
dimensional) growth, (b) "Volmer- Weber" (island or 3-dimensional) growth, or (c) 
"Stranski-Krastanov" (combined layer + island) growth. These different growth modes 
can be described by simple thermodynamic models for the nucleation and growth of 
film materials [HI Elj. In general, layer growth (Fig. [sj^a)) occurs if the depositing 
atoms or molecules are more strongly bonded to the substrate than to each other, and 
each layer is progressively less strongly bonded than the previous one. Until the bulk 
bond strength is reached, the thin film forms planar, 2-dimensional sheets and grows 
in a layer-by- layer fashion. This growth mode is typically observed for the epitaxial 
growth of semiconductors or oxide materials. In fact, the entire field of oxide thin film 
deposition has developed based on the ability to control materials through this and 
similar growth modes and has finally reached the capability to deposit oxide materials 
down to the single or sub-unit cell level [19]. Island growth (Fig. [sj^b)), however, occurs 
when the deposited atoms or molecules are bonded more strongly to each other than to 
the substrate. Then, the smallest stable clusters nucleate on the substrate and grow in 
vertical direction forming 3-dimensional islands. This is often the case when film and 
substrate are dissimilar materials like metals or semiconductors on oxide substrates. 
Finally, it is fairly common that the growth mode changes during deposition. It may 
happen that after forming one or more monolayers in a 2-dimensional fashion, continued 
layer growth becomes energetically unfavourable and islands begin to form (Fig. [Sj^c)). 
This "Stranski-Krastanov" mode is observed in a number of systems. 

From a microscopic point of view, thin films grow in a two-step process where 
particles first impinge onto a surface and then diffuse to sites with low energy. In 
the above discussed case of thermodynamic equilibrium, this diffusion has to be free 
and fast with respect to the impinging particle flux. Pulsed laser-deposited oxides, 
however, usually grow at conditions far away from thermodynamic equilibrium leading 
to a dominant role of particle kinetics rather than simple thermodynamics. Therefore, 
kinetically controlled processes, substrate defects, and impurities in the film and 
substrate material or impinging from the background gas atmosphere have to be taken 
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Figure 6. Optical micrographs sliowing the different morphology of TiN thin films, 
grown on Si(OOl) at different substrate temperatures, (a) Island growth at 650°C, (b) 
layer growth at 600°C. Reprinted with permission from [33]. Copyright 2003, American 
Institute of Physics. 

into account. The kinetics of the arriving particles on the thin film surface is mainly 
limited by temperature and bonding strength to different adsoprtion sites and can be 
categorized into intrinsic diffusion and translational mobility processes. The latter is 
determined by the kinetic energy (temperature) of the particles, the adsorption energy 
as well as the substrate temperature. After equilibration, only intrinsic diffusion takes 
place which is separated into surface diffusion (2-dimensional on terraces), step edge 
diffusion and 3-dimensional volume diffusion - the latter being particularly important 
for oxides [38] . For chemically reactive materials, even interdiffusion between substrate 
and thin film material can take place. For oxide thin films, the substrate itself represents 
a significant source of oxygen [39] . 

Diffusion across step edges was first experimentally observed by Ehrlich and Hudda 
[10] and theoretically described by Schwoebel and Sipsey jlT]. At reduced mobility, 
these "Ehrlich-Schwoebel" barriers may limit the free surface diffusion of atoms, thus 
stimulating three dimensional growth. Commonly, the thin film morphology is explained 
by "structure zone models" introduced first by Movchan and Demchishin for evaporated 
films [12] and extended later on by Thornton [13] and many others [HJ |l5l B6] . 
They mainly take into account the mobility of the film atoms which depends on the 
substrate temperature during deposition, the deposition rate as well as the specific 
growth parameters (background pressure, etc.). An example for this dependence is 
shown in Fig. |6] for thin films of TiN on (OOl)-oriented Si substrates. For different 
temperatures, TiN grows 2- or 3-dimensionally [IH]. According to the structure zone 
models, morphological changes proceed in steps at which the activation energy for a 
certain diffusion process is overcome. More details can be found in a recent review 
[17]. As a result of these considerations, the stress state of thin films deposited far from 
thermal equilibrium may be different from that of thermally evaporated ones [48j . 

2.4- Strain Engineering in Epitaxial Thin Films 

Thin films with lattice parameters showing a fixed relation to those of the substrate 
are called epitaxial. They form an extended single crystalline film which grows in a 
pseudomorphic way on top of the respective substrate. In contrast, textured thin films 
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Figure 7. Hcterocpitaxial thin film growth can resuh in strain as a result of the lattice 
mismatch /. (a) In-plane (ip) tensile and out-of-planc (cop) compressive strain, (b) ip 
compressive and oop tensile strain, (c) relaxed thin film growth for a thickness > dc- 



are polycrystalline but with a certain lattice plane oriented preferentially parallel to the 
respective substrate plane. Whether or not a film grows epitaxially over some range of 
thickness sensitively depends on the lattice mismatch / between the two materials. It 
is defined as 

^ _ 2(af - as) ^ flf - Qs 
Of + as tts 

where af, Og denote the in-plane lattice constants a (or multiples of a) of the film and 
the substrate, respectively. Typically |/| < 10% is required for epitaxy as for larger 
values so few interfacial bonds are well aligned that there is little reduction in the 
interfacial energy and the film will not grow epitaxially. As illustrated in Fig. [7], / < 
results in a tensile (compressive) strain of the film in in-plane (out-of-plane) direction 
(Fig. [rj^a)), whereas / > results in a compressive (tensile) strain in the respective 
directions (Fig. [7|^b)). Note that / usually is a function of temperature as the thermal 
expansion coefficients of the film and the substrate may be different. Therefore, under 
PLD conditions at high temperatures / is different from its value after growth at room 
temperature. If the thickness of the film exceeds a critical value dc the lattice of the 
thin film will relax to its bulk lattice parameters, accompanied with the formation of 
lattice defects (Fig. [7]^c)). Frequently, the misfit strain can also be efficiently reduced by 
forming commensurate superlattices of thin film and substrate during epitaxial growth. 

This behaviour opens a way to artificially apply stress to the thin film material just 
by choosing the appropriate substrates (Fig. [s]) [50] . This enables one to deliberately 
manipulate the strain state of their functional thin films in order to tailor its physical 
properties. Along this line, the Curie temperatures of ferroelectric thin films can be 
shifted by hundreds of degrees by the application of epitaxial strain in the percent regime 
[SO] . Moreover, strain was found to have a strong impact on the magnetic properties of 
ferromagnetic thin films [H] and is useful to stabilize crystallographic structures of thin 
films which would be metastable or even unstable when prepared as bulk [Ti] . 
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Figure 8. Lattice matcliing between substrates and thin films. The numbers show 
the in-plane lattice constants a (or integer fractions of a) for the (001)/(0001) planes 
at room temperature for a selection of (a) (pseudo-)cubic/(pseudo-)tetragonal and (b) 
hexagonal substrates (left) and thin films (right) which are important for this topical 
review. Perovskites are displayed in green, double perovskites in red, spinels and TiN 
in blue, the high-T^ superconductors in violet, and ZnO in brown. Inspired from |50) . 
The inset (shaded gray) displays the epitaxial relation between AI2O3 (red/blue) and 
the 30°-rotated ZnO lattice (green) [5T| . 
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Figure 9. History of laser-MBE grown oxide thin films (ZnO [511[5S], (Zn,Mn)0 [7D], 
YBazCuaOr [35], Laa/sBai/aMnOg [H], Fe304 [SS], Zn^Fe3-;r04 [57], SrsFeMoOg [72], 
Sr2CrW06 [73], Sr2CrRe06 [71]) and related physical phenomena: high-temperature 
superconductivity (HTSC), dilute magnetic semiconductors (DMS), and colossal 
magnetoresistance (OMR). 
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2.5. A Brief History of Pulsed Laser- Deposited Functional Oxide Thin Films 

Pulsed laser-deposited oxides are known for a long time. Early thin films were reported 
from the 1960s for semiconductors and dielectrics [52] as well as titanites [53]. In 1983, 
the first PLD thin films of the II- VI semiconductor ZnO were prepared [5ll[55]. However, 
laser-MBE became the method of choice for the growth of oxide thin films not before the 
discovery of high-Tc superconductivity in the cuprates in 1986 [10]. Only one year later 
(Fig. [9]), the first superconducting films of the compound YBa2Cu307_5 with transition 
temperatures of Tc = 85 K and 75 K were fabricated on SrTiOs and AI2O3 substrates, 
respectively [33] . In the following years, this material evolved to the most widely studied 
high-Tc compound and is today considered the prototype cuprate superconductor. 
Investigating and clarifying the symmetry of the order parameter in YBa2Cu307_5 
represents the first example where thin films turned out to be superior to bulk material. 
Tsuei, Kirtley and co-workers [56l[57] used scanning SQUID (superconducting quantum 
interference device) microscopy [HH] to demonstrate the half-integer flux quantum 
effect in tricrystal thin film samples to pin down that cuprate high temperature 
superconductors have d-wave pairing symmetry [59j. Although already discovered in 
the 1950s [60], the colossal magnetoresistive (CMR) effect attracted broader attention 
only after first high quality thin films of the mixed- valence manganites became available 
in the early 1990s. In 1993, a magnetoresistive effect of —60% was found at room 
temperature in thin films of La2/3Bai/3Mn03 when applying magnetic fields of up to 
5T [24J. With regard to preparation of thin films, this development moved the focus 
from superconducting cuprates to magnetic manganites. Of particular interest hereby 
became the fabrication of half-metallic ferromagnetic oxides with Curie temperatures 
above 300 K which could be utilized as electrode materials in the rapidly evolving field 
of spintronics [1]. One of these is Cr02 which represents the only binary ferromagnetic 
metallic oxide and was predicted as half-metallic in 1986 [61j. However, the fabrication 
of Cr02 thin films by laser-MBE turned out to be difficult [62] and only a few reports 
exist about pulsed laser deposition of this material [23] • Ferrimagnetic Fe304, however, 
also predicted to be a half-metal [MIES], exhibits a high Curie temperature of 860 K (as 
bulk). The first laser-MBE grown thin films were prepared in 1997 showing a magnetic 
moment at room temperature which was 88% of the bulk value [SS] • After the discovery 
of ferromagnetism in the dilute magnetic semiconductors (DMS) (In,Mn)As [68] and 
(Ga,Mn)As [UU], Mn-substituted ZnO was also considered a possible candidate for a 
dilute magnetic system. First thin films were prepared by laser-MBE in 1999 [70] . 
At that time, room-temperature magnetoresistance was first reported for an ordered 
double-perovskite material [TlJ. This observation stimulated the research into and 
fabrication of such samples as epitaxial thin films by laser-MBE. The first report was 
on Sr2FeMo06 deposited on SrTi03 which showed metallic conduction as well as room 
temperature ferromagnetic behaviour with a saturation magnetic moment of 0.8 Bohr 
magnetons (/ie) per formula unit (f.u.) and a Curie temperature of Tq > 400 K [72]. 
In the following years, Sr2CrW06 and Sr2CrRe06 thin films [71] were grown, also 
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on SrTiOs- The first compound displayed a high magnetic moment above l/ie/f-u., 
whereas the second revealed a very large coercive field of 1.1 T. In the following, I will 
review these developments in detail, with the emphasis placed on specific improvements 
in sample quality and physical properties. 

3. Half-metallic Magnetic Oxides and Heterostructures 

Spin electronic (spintronic) devices in which information is encoded in the form of 
spin additional to charge are considered as a replacement technology for conventional 
semiconductor-based electronics |1] . Most spintronic device concepts rely on a source of 
spin-polarized currents, and so there is strong interest in materials that have the largest 
possible spin polarizations. Most important are materials which display a metallic 
character for the majority-spin electrons, while the Fermi energy falls in a gap for the 
minority-spin electrons, i.e. the latter behave semiconducting or even insulating. Such a 
situation has been found in 1983 for NiMnSb by de Groot et al. [75] who introduced the 
term half-metallic ferromagnet. One year later, an analogous behaviour was predicted 
in oxides where Yanase and Siratori [M] calculated a gap for majority-spin electrons, 
but metallic character for minority-spin ones in Fe304. Today, interesting half-metallic 
material systems are chromium dioxide, the doped manganites, magnetite, and the 
double perovskites, as they all show Curie temperatures above room temperature. This 
makes them well suited as electrode materials for spin injection into semiconductors or 
for the realization of magnetic tunnel junctions with a high tunneling magnetoresistance 
[75| [77] . The method of choice to grow such oxide thin films is laser-MBE due to its 
compatibility with oxygen and other reactive gases. The use of a laser as external 
energy source results in an extremely clean process without hot filaments or other 
parts inside the vacuum chamber. Thus, deposition can be carried out in both inert 
and reactive background atmospheres. As the process is far from thermal equilibrium 
it preserves complex stoichiometrics which is necessary for the successful growth of 
doped manganites or double perovskites. For the deposition of multilayers like magnetic 
tunnel junctions, moreover, the fiexibility of the laser-MBE process with regard to the 
possibility of using multiple targets in the same process chamber is a key advantage. 

3.1. Magnetic interactions in transition-metal oxides 

The magnetic ground state in transition-metal oxides is almost always determined 
by indirect magnetic exchange interactions of transition metal (TM) ions which are 
separated by an 0^~ ion in between. In this regard, the orbital structure of the involved 
ions plays a crucial role as it infiuences both the sign and the strength of the interaction 
via the degeneracy and occupancy of the TM-3d orbitals and their overlaps with the 
0-2p orbitals, respectively. This can make the discussion very complex. Goodenough 
[75] . Kanamori [79], and Anderson [80], however, found some simple rules ("GKA" 
rules [SI]) to predict the magnetic interaction which is in the following illustrated for 
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Figure 10. Superexchange and Goodenough-Kanamori- Anderson (GKA) rules |81) . 
illustrated for the magnetic exchange between the 8^22 orbital of two Mn''+ ions via 
the 2pz orbital of an O^^ ion, realized e.g. in LaMnOs. The 3(1^2 _y2 orbital of Mn'^+ 
is shaded in grey. The core spin S" = 3/2 of the three (not-shown) t2g orbitals of 
Mn'^'^ is symbolized by triple arrows. Dependent on the occupation with electrons, the 
resulting interaction can be antiferromagnetic (a) or ferromagnetic (b,c). 



the antiferromagnetic oxide La'^'^'Mn^+Og" as an example. 

The three 2px, 2py, 2pz orbitals of the O^^ ion with electronic configuration 
[He]2s^2p^=[Ne] are fully occupied with six electrons. Mn^"*" with electronic 
configuration [ArjSd"^ has four electrons in the five 3d orbitals, three of them occupying 
the three t2g ones {Sd^y, 3dyz, Sd^^) resulting in a core spin of S = 3/2. The fourth is 
located in one of the two eg orbitals (3c?^2, 3c?^2_y2) which point along the crystal axes 
and therefore overlap with the 0-2p orbitals. Virtual hopping of 0-2p electrons to these 
overlapping Mn-e^ orbitals leads to virtual excited states which can result in a reduction 
of the total energy of the system depending on the spin directions as demonstrated by 
higher order perturbation theory. We have to keep in mind that (i) the Pauli exclusion 
principal forces two electrons in the same Cg orbital to possess antiparallel spins whereas 
(ii) Hund's rule favours electrons with parallel spins in different orbitals {t2g and Cg) of 
the same 3d shell. Figure 10 illustrates the situation in z-direction with regard to the 
following three GKA rules: 

(a) For two Mn^"*" ions along the z direction with one electron each in their respective 
Mn-3dz2 orbitals, virtual hopping of the two 0-2pz electrons will reduce the total energy 
of the system if the Mn core spins are aligned antiparallel. The exchange integral is 



Spintronic oxides grown by laser- MB E 



16 





CjiD(lXJ)Ci 




Figure 11. Double exchange between the 3(1^2 orbital of a Mn'^+ and a Mn'^^ ion 
via the 2pz orbital of an ion, realized e.g. in La2/3Bai/3Mn03. As in Fig. 10 
the 3dx2-y2 orbital of Mn is shaded in grey. The core spin S' = 3/2 of the three (not- 
shown) t2g orbitals of Mn is symbolized by triple arrows. The resulting interaction is 
ferromagnetic, mediated by the itinerant electron of Mn^+ . 



given by 

J- ^ (3) 

where tpd denotes the hopping amphtude and Ap^ the charge-transfer energy between 
the 0-2p and the Mn-3d orbitals. This 180° exchange between two half-filled or two 
empty orbitals is strong and antiferromagnetic. 

(b) For two Mn^'*' ions along the z direction where the first has one and the second no 
electron in their respective Mn-Sdz^ orbitals, virtual hopping of the two 0-2pz electrons 
will reduce the total energy of the system if the Mn core spins are aligned parallel. The 
respective exchange integral is given by 

rex , ^^prf'^H fA\ 

where Jh is the coupling energy due to Hund's rule at the Mn site. This 180° exchange 
between one half-filled and one empty orbital is weak and ferromagnetic. 

(c) For two Mn3+ ions with one electron in their respective Mxi-^dz'i orbitals corner- 
sharing the same O^" ion, virtual hopping of one 0-2pz and one 0-2py electron will 
reduce the total energy of the system if the Mn core spins are parallel. Here, the reason 
is Hund's rule coupling of the two remaining 0-2p spins at the O site. This 90° exchange 
between two half-filled orbitals is weak and ferromagnetic. 

The above described oxygen-mediated exchange between TM ions based on virtual 
hopping processes of the 0-2p electrons is called "superexchange" (SE). In mixed- valence 
manganites, however, real hopping of electrons between Mn^"*" and Mn^+ ions becomes 
possible and was first theoretically studied by Zener [H2], Anderson and Hasegawa [83] , 
as well as de Gennes |8l]. It results in a new magnetic exchange mechanism called 



"double exchange" (DE). Figure 11 illustrates the situation for a Mn'^"'" and a Mn'^"'" 
ion separated by an O^" ion, realized i.e. in La2/3Bai/3Mn03. In contrast to above 
(Fig. 10), the itinerant electron in the 3dz2 orbital of Mn^"*" can hop via the 0-2pz 
orbital to the 3(i^2 orbital of Mn^"*" without the need to pay the Coulomb energy U . 
If the core spins of the respective Mn ions are aligned parallel the Hund's coupling 
energy Jh will also vanish favouring electronic hopping transport across the oxygen 
ion. Vice versa, an antiparallel orientation of the core spins would lead to Jh > 
and therefore hamper the respective charge transfer. In summary, the itinerant charge 
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carrier mediates a ferromagnetic ground state resulting in a close correlation between 
electric conductivity and ferromagnetism together with the occurrence of a significant 
magnetoresistive effect. Note that for t > U, a metallic ground state can be realized also 
in isovalent compounds as the high kinetic energy t overcomes the Coulomb repulsion 
U, resulting in a ferromagnetic state due to Hund's coupling. 

The occurrence of these 0-mediated exchange interactions is not limited to 
manganites, but present in numerous other systems like cobaltates [HS] or cuprate 
superconductors [86] . 



3.2. Manganites and Carrier Doping 

The double exchange model could first and successfully explain the colossal 
magnetoresistance (CMR) effect observed in mixed-valent manganites near their Curie 
temperature. The CMR effect was in principle first discovered in the 1950s ^U\. At 
that time, however, the effect was small due to the low sample quality and the small 
magnetic fields available and was not considered important. In 1954, a reduction of the 
resistivity by about 7% in a field of 0.3 T was reported for Lao.8Sro.2Mn03 |87j. In the 
late 1960s, a large magnetoresistive effect was found in Lai_a;Pba;Mn03 single crystals 
at temperatures close to the Curie temperature [HH] and discussed in the framework of 
a double exchange mechanism [89]. But it took almost 20 more years when Kusters 
et al. [90], von Helmolt et al. and Chainami et al. [91] discovered an extremely 
large negative magnetoresistive effect in epitaxial thin films at room temperature, 
stimulating many research activities in the field. This was triggered by a wide interest in 
transition-metal oxides after the discovery of high-temperature superconductivity [TU] 
as well as possible applications of magnetoresistive effects in sensor technology. As the 
term "giant" has already been used for the giant magnetoresistance (GMR) in metallic 
superlattices [92l |93] , the new phenomenon was called "colossal" . 

To date, a large variety of doped manganites with the composition 
{L\^^A^^){}Av?^'^JsAyi^)0'1~ has been investigated where L is a trivalent lanthanide 
(or rare earth ion) and A a divalent alkaline earth ion ^95j. In most of these compounds, 
a CMR effect 

R{H) R ^ ' 

is observed which at low temperatures and in high magnetic fields H of several tesla can 
exceed 100,000%. At room temperature, however, the CMR values are much smaller 
and reach only few 100% at fields above 1 T. These oxides have perovskite-type structure 
where the Mn ion is surrounded by an oxygen octahedron. Due to the crystal field the 
five 3c? states are split into three t2g and two Cg states. In the undoped case (x = 0), 
only Mn^"*" ions are present (3(i^). Due to the strong on-site Hund's rule exchange, 
these four d electrons exhibit parallel spins. The half-filled Cg band is split by the 
Jahn- Teller effect, making LaMnOs an antiferromagnetic insulator. Substitution with 
divalent alkaline earth ions introduces holes into the Cg band. If the hole density is 
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Figure 12. Curie temperature vs. tolerance factor t from eq. ([T]) for the system 
Lo.rAo.sMnOs. It displays three distinct regions: paramagnetic insulating (PMI), 
ferromagnetic insulating (FMI), and ferromagnetic metallic (FMM). Open symbols 
{T^) denote data from magnetization measurements, closed symbols {T^) from 
resistivity measurements. Reproduced from (94] . Copyright 1995 by the American 
Physical Society. 



sufficiently high the holes will delocalize leading to hopping conductivity [96]. Due to 
the strong on-site Hund's coupling, however, this will only become possible if the spins 
of the itinerant holes (electrons) are aligned antiparallel (parallel) to the local 5 = 3/2 
core spin of the electrons, as discussed above. As a result, hopping of the itinerant Cg 
electron provides a ferromagnetic double exchange. Hence, a ferromagnetic ground state 
with a maximum Curie temperature between 280 K and 380 K is realized for x = 0.3 
and A = Ca, Ba, Sr. 

In 1995, Hwang et al. [91] reported on the phase diagramme of Lo.rAo.aMnOs. 
Dependent on the temperature and the tolerance factor t, see eq. ([T]), it displays 
paramagnetic insulating, ferromagnetic insulating and ferromagnetic metallic phases 
(Fig. 12). A deviation from t = 1 leads to a strained and distorted crystallographic 
lattice, accompanied by a rotation of the oxygen octahedra. This leads to the occurrence 
of a characteristic superlattice structure on one hand and to a decrease of the 180° Mn- 
0-Mn bond angles on the other. For La2/3Cai/3Mn03, as an example, it is reduced to 
160°. This decrease results in a significant reduction of the overlap between the Mn-3(i 
and the 0-2p orbitals and weakens the ferromagnetic exchange interaction. 

The literature of doped manganites has been reviewed several times [951 EZl EH 
inni llOOj llOlj . Even though their study has deepened our understanding of the physics 
of magnetic, charge and orbital degrees of freedom and their interrelation, from an 
application point of view the manganites were disappointing as initial hopes of using 
them in room-temperature spintronics have not been fulffiled [3]. However, it motivated 
the search for new half-metals with higher Curie temperatures. 
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3.3. Double Perovskites and Strain Effects 

The family of double perovskites with composition A2BB'0q {A: alkaline earth ion; B 
and B': magnetic and non-magnetic transition metal or lanthanide ion, respectively) 
first received attention in the 1960s [1021 [1031 [M [M], but it took until 1998 that 
one of these compounds, Sr2FeMo06, indicated half-metallic behaviour [71j. Sarma et 
al. |106j suggested a model based on a kinetic energy-driven ferromagnetic exchange 
to explain ferromagnetism in the double perovskites, which has been extended to 
many other systems by Fang, Kanamori and Terakura |107[ 1108] . In their model, 
the hybridization of the t2g states of both the B and the B' ion plays the key role 
in stabilizing ferromagnetism at high Curie temperatures as these hybridized states are 
located energetically between the exchange-split c?-|- and levels of the magnetic B 
ion. Hopping of an itinerant electron on the B, B' sublattice results in a finite coupling 
between states of the same symmetry and spin, causing a finite spin polarization at the 
Fermi level. This model was confirmed by element-specific magnetization measurements 
in polycrystalline SraCrWOe, BazCrWOg, CasCrWOg and SraCrReOe pIMITTOllTTT] . 

As for the doped manganites, the (ferro)magnetic properties of the double 
perovskites depend sensitively on the orbital overlap and, thus, on the structure of the 
materials. The maximum Curie temperature for different families of double perovskites 



is obtained for systems exhibiting a tolerance factor of t ~ 1 (Fig. 13) |109j . These 
systems display cubic/tetragonal symmetry. For t < 1, there is a transition to 
orthorhombic structures below t ~ 0.96, whereas for t > 1 a transition to a hexagonal 
structure is observed above t ~ 1.06. 

The advantages of metallic double perovskites are counteracted by some severe 
problems. The main is that optimum magnetic properties require a perfect three- 
dimensional order on the B sublattice which becomes difficult if B and B' ions are of 
similar size. Cationic disorder, however, systematically decreases the magnetization due 
to antiferromagnetic coupling between B neighbours at anti-phase boundaries |112l 1113] . 
Disorder is also detrimental to the spin polarization of the carriers at the Fermi energy 

m- 

Despite these difficulties, the growth of double perovskite thin films was carried out 
in several places. Regarding Sr2FeMo06, laser-MBE became popular [72 1 1115^ Ill6i I117[ 
I118j although the fabrication of single phase thin films turned out to be challenging. 
The growth pressure has to be kept low to avoid the formation of secondary phases 
[721 1119j . but a high growth temperature > 850°C is required for good Fe/Mo ordering 
[119] . Electron doping via substitution of Sr^"*" by La^"*" results in an increase of Tq from 
370 K to 410 K in thin films [120] (and from 420 K to 490 K in polycrystalline samples 
[121] ). For the spin polarization, values of 60 . . . 75% have been obtained by Andreev 
point contact spectroscopy, however, the evaluation of the spectra is not unambiguous 

In 2001, Philipp et al. [731 1123] reported the successful layer- by-layer growth of 
Sr2CrW06 epitaxial thin films on SrTiOa substrates using laser-MBE. Due to the similar 
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Figure 13. Curie temperatures versus tolerance factor for various Cr-based double 
perovskites [109] . The dashed lines are guides to the eye. Inspired from I109j. 



ionic radii of Cr and W, these elements showed no sublattice order. Nevertheless, 
the Curie temperature was found to be well above 400 K. As in Sr2FeMo06, electron 
doping via La^"*" substitution leads to an increase in Tq- However, the material tends 
to preferentially form a secondary phase of LaCrOa when prepared as bulk |124j . This 
can be avoided for thin films grown by laser-MBE due to the non-equilibrium growth 
conditions |125j . 

An alternative route to electron doping is represented by 5d band filling via 
substitution on the B' site. Replacing W^"*" {5d^) by Re^"^ (5(i^) leads to an additional 
itinerant electron in the minority spin channel. Sr2CrRe06 shows a giant anisotropic 
magnetostriction |126] caused by a large orbital moment on the Re site . In addition, 
it has a high Tq = 635 K [127j well above room temperature, and a predicted high spin 
polarization of 86% |128j . In 2009, Geprags et al. [H] successfully deposited Sr2CrRe06 
thin films on SrTiOs substrates. Phase-pure films with optimum crystallographic and 
magnetic properties were obtained by growing in O2 atmosphere (~ 5 x 10^"^ mbar) at a 
substrate temperature of ~ 700°C. The films are c-axis oriented and coherently strained 
with less than 20% anti-site defects. The magnetization curves reveal a high saturation 
magnetization of 0.8 yLie/f-u. and a high coercivity of 1.1 T, as well as a strong magnetic 
anisotropy [H]. Similar results were obtained by Orna et al. |129j who, in addition, 
reported Tc = 481 K and a resistivity of 2.8mncm at 300 K. An even higher Curie 
temperature of 725 K was found in polycrystalline bulk samples of Sr2CrOs06 (Os^+: 
bd^) which has a completely filled bd t2g minority spin orbital |130] . However, no reports 
on epitaxial thin films exist so far. For none of the Cr-based double perovskites, data 
concerning their spin polarization are yet available. For further information, I refer the 
reader to two review articles |126t 1131] . 

3.4- Magnetite and Zn Substitution 

The oxide ferrimagnet magnetite (Fe304) shows a high Tq ~ 860 K allowing for room 
temperature spintronic applications |132j and crystallizes in the inverse spinel structure. 



Spintronic oxides grown by laser-MBE 



21 



(a) Fe^* Fe^* 
S = 5/2 S = 2 

itinerant J. electron 



2g 



2g <M 



(b) 



Fe' 



SE DE 



i i i i i f 

Fe^* Fe^* 

Zn2+ 

^ I ^ I I ^ j I 

g ^^^^^^^^^^^^^^^^ 

• • • • • • • • 



Figure 14. Electronic and magnetic structure of Fe3_j.Znj.O4. (a) The spin- 
down electron can hop between Fe^"*" and Fe'^'*' ions with its spin coupled anti-parallel 
to the local moment formed by the spin-up electrons owing to Hund's rule coupling, 
(b) Superexchange (SE) between Fe^+ ions, double exchange (DE) between Fe'^+ and 
Fe^"*" ions, (c) Evolution of the sublattice configuration from x = (ferrimagnetic) to 
X = 1 (antiferromagnetic). Reproduced from [1451 . Copyright 2009 by the American 
Physical Society. 



The chemical sum formula can be expressed as [Fe^"'"]A[Fe^^Fe^"'"]B04. The A sites are 
occupied by Fe^"*" ions {3d^,S = 5/2), whereas on the B sites there is an alternating 



arrangement of Fe|+ {3d^, S = 2) and Fe|+ (3rf^ S = 5/2) (Fig. [l4[a)). The density of 
itinerant charge carriers is determined by the density of the t2g spin-down electrons on 
the B site, i.e. by the density of Fe^"^, leading to hopping transport on the B sublattice 
(Fig. [I4|a)). Below Ty = 123 K, bulk Fe304 undergoes a structural phase transition 
from cubic to monoclinic, first reported by Verwey |133] . Whether or not this "Verwey" 
transition is accompanied by charge ordering of the Fe^"^ and Fe^"*" on the B sublattice 
in a process reminiscent to Wigner crystallization |134j is unclear and still a matter of 
intense debate [1351 [1361 [1371 [ISHl [1391 IllOl The "Verwey" transition leads to 

a discontinuity in both the resistivity and the magnetization of Fe3_504 at T = Ty, being 
sensitively dependent on perfect stoichiometry and vanishing for 6 > 0.0117 |143] . Below 
38 K, the material is reported to become ferroelectric with a switchable polarization of 
11 ^C/cm2 below 20 K [Hi] . 

The magnetic exchange is governed by a combination of antiferromagnetic 
superexchange (SE) between the Fe^+ ions on the A and B sites {Jab i^^O-B)) and 
ferromagnetic double exchange (DE) between the mixed-valent Fe^"*" and Fe^"*" ions on 
the B sites (B-O-B), see Fig. [I4|^b). Owing to Hund's rule coupling, the spin of 
the itinerant t2g electron is aligned antiparallel to the localized 3d spin-up electrons 
(Fig. 14 ^a)). Since the antiparallel Fe^"^ and Fe^"^ moments compensate each other. 



a saturation magnetization of 4/XB/f.u. is expected from the remaining Fe^^ {S = 2) 
moments (Fig. 14 c)). This simple Neel model |146] has been extended by Yafet 
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and Kittel |147j . They introduced two Fe^"*" and Fe^"^ sub-sublattices and considered 
a B-O-B SE interaction resulting in spin canting expressed by a finite Yafet-Kittel 
angle and thus a reduction of the saturation magnetization (Fig. [l4|(c)). More recent 
works model the magnetic properties of Fe304 in more detail by considering competing 
exchange interactions |138l I148t I149j . In 1984, Yanase and Siratori [M] reported on 
augmented plane- wave (APW) calculations |150] . Regarding the spin density of states, 
they found a gap for majority-spin electrons, but metallic character for minority-spin 
carriers, thus at the first time representing half-metallicity in an oxide. Later, Zhang 
and Satpathy [65] confirmed this result by local spin density approximation calculations. 
They further confirmed that electronic conduction in Fe304 is restricted to hopping of 
itinerant electrons between the Fe-t2g orbitals on the B sublattice. In 2002, Dedkov et 
al. |151] reported a spin polarization of up to P = —(80 ± 5) % near the Fermi energy 
at room temperature from spin- resolved photoemission spectroscopy in (lll)-oriented, 
thermally deposited and oxidized epitaxial thin films. In following publications (see |152] 
and references therein), the authors confirmed their results and presented additional 
evidence for the existence of a half-metallic state with a (111) orientation. 

In 1997, Gong et al. [50] reported on the first PLD-grown thin films. They deposited 
Fe304 on (OOl)-oriented MgO substrates (lattice mismatch / = —0.36%) and showed a 
saturation magnetic moment at room temperature of 3.3 yUe/f-u. For such films, however, 
Fe304 is known to form structural defects as its lattice constant a is nearly twice as large 
as the one of MgO. When different Fe304 islands meet, they might be shifted by \a along 
{100} or \\/2a along {110} or rotated by 90° with respect to each other, thus yielding 
a so-called "anti-phase boundary (APB)" |153] . Across this APB, the oxygen lattice 
stays undistorted while the cation lattice is displaced resulting in a perturbation of the 
magnetic order on the A and B sublattices. Eerenstein et al. |154] demonstrated that the 
anti-phase domain size D directly depends on the film thickness d following D oc \fd. 
This results in a high APB density for ultrathin films (i.e. few nm) which strongly 
increases its electrical resistivity. This effect also accounts for a reduced saturation 
magnetization as compared to the expected value of 4/iB/f-u. In 1998, Ogale et al. |155] 
reported the successful growth on SrTiO3(001) (/ = 7.5%) and Al2O3(0001) (1.9%) 
where Fe304 was oriented in (001) and (111) direction, respectively. In 2003, Reisinger 
et al. [T9l H9] reported the epitaxial growth of Fe304 thin films on MgO(OOl) and on 
Si(OOl) substrates, the latter utilizing a buffer layer of TiN/MgO. The magnetic and 
electrical properties of these films were found to be close to those of single crystals |156] . 
For 40 ... 50 nm thin films, the saturation magnetization and electrical resistivity were 
3.6 /ie/f-u. and 4.4mficm at room temperature, respectively. From Hall measurements, 
they deduced a carrier density of 0.22/f.u. Both normal and anomalous Hall effect were 
found to show negative sign. 

In 2008, Fernandez-Pacheco et al. |157l 1158] presented a careful magnetotransport 
investigation of epitaxial Fe304 thin films grown on MgO(OOl) with particular emphasis 
on the different Hall effects in ferromagnets |159] . The authors found a negative ordinary 
Hall resistivity with a huge enhancement below Ty, reaching values of — lmf2cm. 
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Figure 15. Modulus of the anomalous Hall conductivity, |cr^^^|, plotted versus 
longitudinal conductivity a^x in a double logarithmic representation for different 
epitaxial Fe3_a:Zna;04 films in the temperature regime between 90 and 350 K. The 
linear fits to the data (hnes) yield a slope of 1.69 ± 0.08. Reproduced from |164) . 
Copyright 2008 by the American Physical Society. 



Furthermore, they found a giant planar Hall coefficient with a record value at room 
temperature of ~ 60 nQcm for a 5 nm thin film, also displaying a huge enhancement 
when crossing the Verwey transition temperature. The anomalous Hall conductivity 
<J^^^ was found to scale as 



cr 



AHE 1 



■xy ^(^xx (6) 

over four decades of the longitudinal conductivity a^x in several samples. This was 
remarkable as according to the conventional models one expects c^jf ^ oc axx for skew 
scattering jl60j or cr^y^^ ~ const, for the side jump mechanism |161] . However, the 
exponent a = 1.6 was in agreement with a unified quantum transport theory for the 
anomalous Hall effect in ferromagnets, predicting three different regimes as a function 
of the carrier relaxation time: a superclean limit with a = 1, a moderately dirty limit 
{a = 0) and a scaling regime with a = 1.6 |1621I163] . This behaviour could be con&med 
by Venkateshvaran et al. |164] who reported a = 1.69±0.08 for a whole series of epitaxial 
films of Fe3_^Zn^04 (x = 0,0.1,0.5) in (100), (110) and (111) orientation (Fig.[T5|). For 
further information on the anomalous Hall effect and its scaling behaviour, I refer the 
reader to a recent comprehensive review by Nagaosa et al. |159] . 

In a following publication, Venkateshvaran et al. [145j reported in detail on Zn 
substitution in Znj.Fe3_3;04 (0 < x < 0.9) thin films. The nonmagnetic divalent ion 
2^2+ preferably occupies the tetrahedrally coordinated A site |165j replacing Fe^"^ and 
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Figure 16. Saturation magnetization Alg plotted versus the longitudinal conductivity 
axx for epitaxial Zna;Fe3_a:04 thin films, grown by PLD in Ar (squares) or Ar/02 (99:1) 
(circles). Reproduced from 1 145.1 • Copyright 2009 by the American Physical Society. 



converting Fe^"^ to Fe^"*" on the B sublattice due to charge neutrahty (see Fig. 14 'c)) 
|145] . That is, the amount of itinerant charge carriers mediating the DE on the 
B sublattice is reduced as shown by photoemission spectroscopy |166] leading to a 
reduction of electrical conductivity. The same is true for the fabrication of thin films 
in excess oxygen where the presence of ions again requires a reduced (increased) 
amount of Fe^"*" (Feg"*") ions |145j . Venkateshvaran et al. |145] found that both the 
electrical conductivity and the saturation magnetization can be tuned over a wide range 
(10^ . . . 10^ n~^m~^ and 1.0 . . . 3.2 /ie/f-u. at room temperature) by Zn substitution 
and/or finite oxygen partial pressure during growth. Both electrical conduction and 
magnetism are determined by the density and the hopping amplitude of the itinerant 
charge carriers on the B sublattice, providing electrical conduction and ferromagnetic 
exchange. A decrease (increase) in charge carrier density results in a weakening 
(strengthening) of DE and thereby a decrease (increase) in the conductivity and the 
saturation magnetization. This scenario was confirmed by the observation that the 
saturation magnetization scales with the longitudinal conductivity over two orders of 
magnitude (Fig. 16). 

In conclusion, Fe304 is the half-metallic oxide with the highest Curie temperature 
and offers various opportunities to tailor its electrical and magnetic properties. Such 
tunable ferromagnetic materials are desired for oxide spintronic devices with regard to 
operation at or above room temperature. 



3.5. Magnetic Tunnel Junctions 

Magnetic tunnel junctions (MTJs) are key elements for the realization of non- 
volatile magnetic random access memory (MRAM) devices |167j . magnetic sensors, or 
programmable logic elements |168] . MTJs based on simple ferromagnetic metals and 
alloys have been well known for many years. The tunneling magnetoresistive (TMR) 
effect was first reported in 1975 in Fe/GeO^/Co MTJs by Julliere [169j. In the early 
stage of research, following an approach developed by Tedrow and Meservey \nO\ 1171] , 
the TMR effect has been related to the spin polarizations Pi^2 of the two electrodes via 
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Figure 17. TMR for different oxide-based MTJs. (a) Lao.ySro.sMnOs/SrTiOa/Co. 
Reproduced from [173) . Copyright 1999 by the American Physical Society, (b) 
SrzFeMoOe/SrTiOa/Co [THE], (c) Fe304/A10:,/Ni (red) and Fe304/A10^/Co (blue). 
Reproduced with permission from |197| . Copyright Wiley- VCH Verlag GmbH & 
Co. KGaA. 



JuUiere's equation |169j 

Rp 1 - P1P2 ^ ' 

with i?ap and -Rp denoting the tunnel resistance for the antiparallel and parallel 
magnetization directions, respectively. Further experiments by de Teresa et al. |172[ 1173] 
have shown that the spin polarization determined from tunneling depends on the barrier 
material and can show different signs for the same ferromagnetic electrodes. While in 
the late 1990s the achieved TMR values at room temperature could be increased up to 
around 10% ^174| . it was predicted in 2000 that a further dramatic increase should be 
possible for Fe/MgO/Fe MTJs using highly textured MgO(lOO) tunneling barriers due 
to the Bloch state filtering of the electronic wave functions |175i 1176] . Indeed, in 2004 
a high TMR effect above 200% was reported for Fe |177j or CoFe electrodes |178] . and 
today TMR > 600% is observed in CoFeB/MgO/CoFeB MTJs at room temperature 
[179] . More detailed information can be found in several reviews [HI |3[ 11801 llSlj . 

Extremely high TMR values are expected for MTJs based on half-metallic 
ferromagnets even without wave function filtering. Along this line, half-metallic 
ferromagnetic oxides are promising candidates. The first MTJs with manganite 
electrodes were reported in 1996 by Lu et al. [182] and Sun et al. |183j who obtained the 
best results for optimally doped La2/3Sri/3Mn03 electrodes and SrTiOs barriers with 
a thickness in the range of 3 ... 6 nm. A maximum TMR of 83% was found at 4.2 K 
[182] . which after eq. ([T]) corresponds to a spin polarization of 54%. In the following 
years, the TMR values increased up to 1,850% as reported by Bowen et al. in 2003 |184] . 
This record TMR corresponds to a spin polarization of 95%, i.e. a virtually half-metallic 
character for La2/3Sri/3Mn03. De Teresa et al. |173j investigated MTJs with Co counter 
electrodes. They found a negative TMR of —50% at 5 K in Lao.7Sro .3Mn03/SrTi03/Co 
indicating a negative spin polarization of Co at the SrTi03 interface (Fig. [l7|^a)). 

For double perovskites there are only very few reports on MTJs, all of them dealing 
with Sr2FeMo06 electrodes. Bibes et al. [185j investigated Sr2FeMo06/SrTi03/Co 
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tunnel junctions and found a positive TMR of 10 . . . 50% at low temperatures 
(Fig. [l7)|^b)). In view of the negative TMR in the Lao.ySro.sMnOa/SrTiOa/Co system 
[173] . this indicates that the spin polarization of Sr2FeMo06 is comparable, but with 
opposite sign, i.e. at least —80% |185] . In 2005, Asano et al. confirmed the positive 
TMR and reported 10% at 4 K in Sr2FeMo06-based junctions using a native oxide as 
tunnel barrier and Co as top electrode |187] . 

From the viewpoints of theory (half-metallicity) and application (highest Curie 
temperature), Fe304 should be a superior material for the realization of MTJs. However, 
so far the maximum achieved TMR values fall far behind the expectations. Different 
groups investigated Fe304-based MTJs with barriers of MgO or AI2O3 and counter 
electrodes of CoCr204 [EH], Co [HH], CoO [I90], CoFe [IHIl IMl |I93] , or NiFe [T921ITM] . 
At low temperatures, Seneor et al. [ 189j reported a TMR of +43% in Fe3_a;04/Al203/Co 
junctions. The positive sign was also observed by Aoshima and Wang |192j . Yoon et 
al. |193j and Bataille et al. |195] . At room temperature, however, all authors found 
TMR values below +15%. 

Reisinger et al. |196l I197j investigated Fe304-based MTJs with different epitaxial 
(MgO, NdGaOs) or polycrystalline (Si02, AlO^;) barriers. The highest TMR values 
were found for a 2.5 nm thin AlO^: barrier. At 350 K, they reported positive TMR 
values of +11.0% or +15.8% for Ni or Co counter electrodes, respectively (Fig. [iTj^c)). 
For an improved ring-shaped geometry, maximum TMR values of up to +20% were 
observed for Fe304/A10j;/Co MTJs at 350 K. Moreover, a giant geometry-induced TMR 
effect of several 1,000% due to the high resistivity of the electrode material could 
be experimentally demonstrated and theoretically modeled. This calls into question 
the widely accepted quantitative deduction of the spin polarization P of the electrode 
material from simple transport experiments in MTJs as the electric current distribution 
is a crucial parameter. Note that not even the determination of the sign of PFe304 
can be done unambiguously by evaluating the TMR effect in MTJs as it depends on 
the sign of P for the Ni or Co counter electrode. From theory, PNi.Co < is predicted 
and was experimentally observed for Ni in spin-polarized scanning tunneling microscopy 
experiments [HE]. After eq. Q, the positive TMR in Fe304/A10^/(Ni,Co) then leads 
to PFe304 < as reported by spin-resolved photoelectron spectroscopy [151^ I152j . even 
through an AI2O3 barrier |195] . However, Pni.Co > was found in electrical transport 
experiments across AlOa, interfaces |174] suggesting PFe304 > from Fe304/Al203/Co 
transport experiments |195J which stands in contrast to theory calculations |65]. To 
solve this problem, one might argue that for Fe304-based MTJs the "id electrons play 
the dominant role which show a negative spin polarization in Ni or Co, but were not 
probed in early experiments with metallic electrodes [174J. Then, the positive TMR in 
Fe304/A10a;/Co is consistent with PFe304 < ^197j . A negative PFe304 was also found 
by Suzuki et al. who reported TMR < in junctions of Fe304///Lao.7Sro.3Mn03 with 
/ = CoCr204 [199], MgTi204 or FeGa204 [200]. 
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4. Zinc Oxide as II-IV Semiconductor 

In the past ten years, the research on zinc oxide (ZnO) as a semiconductor underwent a 
great revival |201[ 1202] together with a rapid expansion of the field towards magnetism 
on the one hand and device physics and (opto-/spin-)electronic applications on the other. 
Being initially considered as a substrate material for GaN thin films and related alloys 



sharing the wurtzite lattice (see section 2.1.3), the availability of high-quality large bulk 



single crystals |203] . the strong luminescence demonstrated in optically pumped lasers 
[204] and the prospects of gaining control over its electrical conductivity have brought 
ZnO into the focus of current interest. For a comprehensive review on ZnO materials 
and devices, I refer the reader to |205j . 

ZnO is already widely used as a transparent conducting oxide (TOO) and is a 
promising candidate material for future semiconductor device applications [211 I201|. 
[2051 [2061 [2071 [208] . It shows a direct and wide band gap of 3.3 eV (at 300 K) in 
the near-ultraviolet range |209[ 12101 1211^ I212j together with an electron mobility of 
200cm^/Vs and a large free-exciton binding energy |209] 1210] I212j making it interesting 
for (opto)electronics. Excitonic emission processes can persist at or even above room 
temperature |204] . Recently, a high electron mobility of 180,000 cm^/Vs was reported in 
(Mg,Zn)0/ZnO heterostructures together with the observation of a fractional quantum 
Hall effect |213] . Moreover, ZnO displays a small spin-orbit coupling |214j resulting 
in a large spin coherence length which is a prerequisite for the creation, transport, 
and detection of spin-polarized currents in semiconductor spintronics. The bulk lattice 
parameters are a = 3.2459 A and c = 5.2069 A, and a u parameter of 0.382 is reported 
for its hexagonal wurtzite lattice |215] . Although its properties have been extensively 
studied for more than 50 years |216] using ZnO for semiconducting electronics was 
handicapped because of the difficult control over its electrical conductivity. ZnO crystals 
are natively always n-type which has been a case of extensive debate and research so 
far [211 Eon [2071 [208]. One decade ago, ZnO came back into the focus of interest 
in the framework of establishing (i) room-temperature dilute magnetic semiconductors 
(DMS) via substitution of Zn^"*" by 3d transition metal ions |217j and (ii) stable p-type 
conductivity via nitrogen doping and demonstrating the fabrication of pn-junctions 
for ultraviolet light emitting diodes |219] . In the following subsections, these two 
aspects will be reviewed with respect to recent developments. As for the half-metallic 
magnetic oxides discussed above, ZnO thin films grown by laser-MBE turned out to 
be superior because of the enormous intrinsic fiexibility of this deposition technique. 
Transition metal doping in ZnO thin films could be simply realized by growing from 
different stoichiometric targets. Possible p-type conductivity could be investigated in 
films deposited in different background atmospheres, from different target materials or 
while adding atomic gaseous species during deposition. An essential advantage hereby 
is the compatibility of the laser-MBE-process with oxygen and other reactive gases. 
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Figure 18. Computed values of the Curie temperature Tq ioi various p-type 
semiconductors containing 5% of Mn^+ and 3.5 x lO'^'^ holes per cm'^ |218j . 



4.1. Dilute Magnetic Doping in ZnO 

Integrating the spin degree of freedom into semiconductor devices and the fabrication of 
dilute magnetic semiconductors (DMS) exhibiting intrinsic ferromagnetism is a widely 
discussed issue in the multifunctional materials research community |22Uj . Discovered 
in the 1960s, EuO must be considered the first intrinsic ferromagnetic semiconductor, 
however, with a low Curie temperature of only Tq ~ 77 K |221j . The alternative 
approach to dilutely incorporate magnetic ions into the host lattice of a conventional 
non-magnetic semiconductor in a substitutional way, instead, seemed to be more 
promising with regard to tunability of the resulting magnetic properties. Hereby, it is 
of particular importance to avoid the formation of secondary magnetic phases because 
they significantly influence the magnetic properties of DMS |222j . are difficult to detect 
[223] ■ and lead to contradictory interpretations - as we will see below. Munekata et 
al. [HH] first reported ferromagnetism in the III-V semiconductor InAs after substituting 
18% of In by the transition metal Mn. Seven years later, Ohno et al. |69] investigated 
GaAs where 3.5% of Ga was replaced by Mn and found ferromagnetism below 60 K. Up 
to now, however, the Tq values in these dilute magnetic Ill-V systems do not exceed 
170 K, making room-temperature operation impossible. In 2000, Dietl et al. |217t 1218] 
calculated the Curie temperatures for different semiconductors with a Mn substitution 
level of 5%. Using an extended Zener model approach |224j based on the exchange 
interaction between holes as charge carriers with a concentration of 3.5 x 10^° cm~'^ and 
diluted, localized Mn^"*" spins, they calculated Tq for several group IV, III-V, and II- VI 



semiconductors (Fig. 18). Interestingly, the wide bandgap materials GaN and ZnO were 
predicted to exhibit ferromagnetism above room temperature. This marked the starting 
point of an exciting race for room temperature DMS which continues to date and pushed 
ZnO into the focus of materials research. For a more detailed understanding, I refer the 
reader to Refs. [3ll ESDI |225l 1226] . 

Ueda et al. |227] examined for the first time ferromagnetism in "id transition 
metal (TM)-substituted n-type ZnO films grown on AI2O3 substrates (lattice mismatch 
/ = 18.2%) using laser-MBE, though Fukumura et al. [70] had studied this system earher 
with respect to solubihty, electrical properties, and magnetoresistance. Ueda et al. |227] 
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Figure 19. Magnetic moment of Zno.95Mo.05O films (M = Sc,Ti,. . . ), measured at 
room temperature for ttie external field applied perpendicular to the film plane (solid 
symbols) or in plane (open symbols). The moment is expressed as ^^/M . Reproduced 
from [228) . Copyright 2004 by the American Physical Society. 



found that a few Xwi^xGoxO samples showed ferromagnetic features, whereas most 
others displayed spin glass-like behaviour. Also, the magnetic properties of their films 
were seen to depend on the concentration of Co ions and carriers. The reproducibility 
of the method was stated to be poor (< 10%), and substitution with Cr, Ni, or Mn gave 
no indication for ferromagnetism. 

Ferromagnetism at room temperature for cobalt-substituted ZnO was reported by 
Schwartz, Kittilstved et al. |229l 12301 1231] who prepared nano crystalline films by a 
direct chemical synthesis route in which TM^+iZnO colloids were used as precursors 
for spin coating |230j . They reported room temperature ferromagnetism for Co^^:ZnO, 
however, only for n-type conducting material, p-type Co^~'":ZnO was found to behave 
paramagnetic. The situation was vice versa for Mn^+:ZnO which was ferromagnetic for 
p-type and paramagnetic for n-type. This demonstrated a first close link between the 
electronic structure and polarity-dependent high-Tc ferromagnetism in TM-substituted 
ZnO and was attributed to the different ligand-to-metal charge transfer electronic 
structures in the two cases. 

In the field of laser deposition, Coey and Venkatesan et al. |2281I232[I233] fabricated 
a whole set of TM:ZnO thin films using the complete 3(i-TM series from Sc^"*" to Cu^"*" 
with a substitution level of 5%. All films were n-type and deposited on (1102)-oriented 
AI2O3 substrates. At 300 K, they observed maxima in the magnetic saturation moments 
for Co^+:ZnO (1.9 /xb/Co) and V^+:ZnO (0.5 /Ub/V) with significant anisotropy (Fig. 19). 
Only a very small moment was found for Cr^^:ZnO and Mn^"'":ZnO. The authors 
proposed that the ferromagnetic exchange was mediated by shallow donor electrons 
forming bound magnetic polarons which overlap to create a spin-split impurity band 
[232] . Two details of this study are remarkable: (i) Investigating the concentration 
dependence revealed a giant moment of about G/xb/Co in the low concentration limit 
for the cobalt-substituted compound, (ii) A small moment of 0.3/iB/Sc was also seen 
for scandium substitution although Sc'^"^ is a non-magnetic ion. This could indicate an 
extrinsic origin (substrate, sample holder, structural defects, magnetic precipitates, etc.) 
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of the observed magnetic moments, sometimes referred to as "phantom magnetism" . 

Kaspar et al. |234j also explored PLD-grown epitaxial thin films of Co^"'':ZnO on 
(0001)- and (1102)-oriented AI2O3 substrates. The films showed high structural quahty, 
and element-specific X-ray absorption spectroscopy (XANES and EXAFS) confirmed 
well-ordered Co^^ substitution for Zn^"*" without indicating secondary phases. The 
authors varied deposition conditions, post-deposition processing, and Al codoping to 
achieve a wide range of n-type conductivities of 10"^. . . lO'* f2~^cm~^. No significant 
room-temperature ferromagnetism was seen in any of these films. This confirmed earlier 
observations by Kittilstved et al. |235] that itinerant conduction band electrons alone 
are not sufficient to induce ferromagnetism in Co^^:ZnO. 

At present, the situation is puzzling. Although many experimental reports claim 
room temperature ferromagnetic order [22ZI I22H1 [2321 [2311 [2321 [233 [23E1 [239|, more 
recently an increasing number of publications describe its absence |223l 12341 I240[ 
12411 1242[ 12431 1244[ 12451 1246[ I247j . In particular, several groups made statements on 
ferromagnetic behaviour only based on the integral magnetic moment determined by 
SQUID magnetometry |228ll236j . although element-specific techniques failed to establish 
its presence [236^ I248j . The situation got even more confused after the discovery of 
different magnetic regimes depending on the carrier density |237] and of controlling 
magnetism via the gate effect |249j . Furthermore, calculations show a magnetic moment 
at oxygen-rich surfaces in e.g. Zr02 or AI2O3 |250] which even calls into question the 
necessity of TM-substitution for ferromagnetism. Finally, unexpected magnetic coupling 
has also been found in nominally undoped oxides like Hf02 or Ti02 |251l 1252] which 
again might point to an extrinsic origin of the observed magnetic moments ("phantom 
magnetism"). 

In this context, phase segregation and the formation of (ferro-)magnetic clusters 
are important issues concerning intrinsic DMS. Dietl was already pointing out that 
spinodal decomposition may be a general problem |253] . While those clusters have 
long been regarded as detrimental for spintronic applications, it has been shown that 
they may be utilized to control high-temperature ferromagnetism in semiconductors 
and to tailor spintronic functionalities |254j . TM-substituted ZnO is known to form 
nanosized (inter)metallic inclusions |255i 1256] 1257] 1258] I259j which may be responsible 
for the observed RT magnetic response. The same situation was reported for other 
TM-substituted semiconductors like Mn:Ge [2601 [261] or Gd:GaN [262]. Magnetic 
nanoclusters in TM:ZnO thin films cannot be ruled out, as shown recently by careful 
x-ray diffraction (XRD) analysis |223] I263j or depthprofiling x-ray photoelectron 
spectroscopy (XPS) |264j . Only in rare cases were such phase-separated clusters directly 
imaged by cross-sectional transmission electron microscopy (TEM) [223] 1247] 1265] . 

Opel et al. [223] performed a careful investigation of the magnetic properties of 
Co^^:ZnO thin films with a Co substitution level of 5%, grown by laser-MBE on 
(OOOl)-oriented ZnO and AI2O3 substrates at different growth temperatures Tq. For 
the films grown on ZnO at intermediate temperatures, they found a clear magnetic 
signal at room temperature of up to 2 ix-q/Co (Fig. [20|^a)). As a function of the in-plane 
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Figure 20. Integral magnetic and x-ray cliaracterization of Zno.95Coo.05O tliin films, 
grown by laser-MBE on ZnO substrates at 400° C (green) and 500° C (blue), (a) 
Magnetization M versus magnetic field H , applied in the film plane at a temperature 
of r = 300 K. The data points are fitted to a Langevin function (lines) after eq. (|8|. 
The inset shows the absence of any hysteresis, (b) AC susceptibility shows maxima 
around Tb (vertical arrows). Their positions move to higher T when increasing the 
frequency of the AC magnetic field, (c) M{T), measured at 10 mT after cooling in zero 
field (open symbols) or in 7 T (closed symbols) . The curves indicate blocking behaviour 
with blocking temperatures of Tb = 15 K and 38 K. (d) XRD diagrammes show a weak 
reflection in the out-of-plane uj-29-scans close to the angles where reflections from 
secondary Co- rich phases are expected (vertical lines). The cyan arrow denotes the 
width b of the reflection peak. Reproduced from [223 with kind permission of The 
European Physical Journal (EPJ). 



applied magnetic field, it shows an "S" -shaped behaviour which cannot be fitted by a 
Brillouin function for paramagnetic Co^"*" ions. At first sight, this seemed to indicate 
ferromagnetism, however, there was no hysteresis detectable in the samples (inset in 
Fig. [20|^a)). On the other hand, they could easily fit the magnetic signal by the Langevin 
function 

MW^Ms(co*i;|-^) (8) 

with the magnetic induction B, the Boltzmann constant k^, the measuring temperature 
T = 300 K, and the moment fi of magnetic particles within the thin film. Fitting 
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the data (solid lines in Fig. 20 a)) resulted in /i = 2370 /ie and 5910 /ib for the 
films grown at 400°C and 500°C, respectively. This called into question the widely 
accepted interpretation of the room-temperature magnetization of Co^"'":ZnO thin film 
samples. With the saturation magnetization of 1.7 /ib/Co for metallic Co and assuming 
a hexagonal crystallographic structure, the diameter of possible metallic Co clusters 
in the samples was estimated to about 3 ... 4 nm to yield the moments given above. 
Comparing the evolution of the magnetization of the samples with temperature after 
field- (FC) and zero field-cooling (ZFC) displayed maxima for the ZFC curves at low 
temperatures (Fig. 20 c)) indicating blocking behaviour of superparamagnetic particles 
with blocking temperatures between Tb = 15 ... 38 K. In the same way, the AC 
susceptibility displayed pronounced maxima which shifted to higher temperature for 
increasing AC frequency (Fig. 20 ^b)). Finally, x-ray diffraction (XRD) revealed a weak 
signal in the u-26 scans around 44° where reflections from different Co-rich compounds 
are expected (Fig.[20|(d)). From the width b of the reflections, using Scherrer's expression 
[266] the authors estimated the size of these inclusions to about 3 nm. These indications 
for superparamagnetic, nanometer-sized, Co-rich precipitates in the Co^''":ZnO thin films 
were confirmed by microscopic, element-specific techniques. X-ray magnetic circular 
dichroism (XMCD) |267] was performed at the Co ^2,3 edges both in fluorescence (FY) 
and in total electron yield (TEY) mode to distinguish between surface (TEY) and 
bulk magnetic properties (FY). These were the first room-temperature XMCD data for 
Zno.95Coo.05O at the Co L2,3 edges in FY mode. Applying the magneto-optical sum 
rules |268l 12691 1270j . a magnetic moment at room temperature of up to 0.05 //b/Co was 
found with a flat, paramagnetic field dependence in TEY mode, whereas in FY the 
signal went up to 0.45 /xb/Co and displayed the same "S"-shape as the integral SQUID 
magnetization data. Moreover, X-ray absorption (XAS) provided clear evidence for 
the existence of metallic cobalt in the bulk of the samples rather than Co^"*". Finally, 
the metallic cobalt was made visible by means of energy-filtering transmission electron 
microscopy (EF-TEM). The authors illustrated Co-rich inclusions with typical diameters 
of 5 nm in agreement with the previous results from the Langevin fits and from the 
XRD analysis. These combined data provided clear evidence that the observed room 
temperature magnetism is not related to a bulk homogeneous DMS, but must rather 
be explained by the presence of superparamagnetic metallic cobalt precipitates. Similar 
TEM results were reported by Jedrecy et al. |265j . 

In a subsequent work, Ney et al. |247j investigated a comprehensive set of Co^^:ZnO 
epitaxial thin film samples fabricated using three deposition methods in four different 
laboratories, all of which were subjected to the same SQUID magnetization and 
synchrotron-based x-ray measurement protocols. They found that advanced x-ray 
spectroscopic techniques involving both synchrotron and lab-based x-ray sources are 
invaluable in answering critically important questions. All samples which exhibited 
a non-paramagnetic magnetization showed indication for secondary magnetic phases 
from advanced x-ray investigations: (i) X-ray photoelectron spectroscopy (XPS) 
demonstrated the presence of metallic Co(0) (Fig. |2TFa)). (ii) XMCD at the Co 
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Figure 21. Phase separation in superparamagnetic Co^+:ZnO. (a) XPS spectrum 
from Zno.gCoo.iO (symbols) after sputter removal of the topmost 4.5 nm of the film. 
The fits (lines) indicate a superposition of Co^+ and Co(0), revealing a fraction of 
metallic Co. For comparison an XPS spectrum for the as-grown sample after removal 
of the topmost 1.25 nm is shown below, (b) HR-TEM image from a metallic Co 
nanocrystal in Zno.95Coo.05O. This region is rich in Co (c), but deficient in Zn (d) and 
oxygen (e), as demonstrated by EF-TEM. Reproduced from |247) . 



K edge indicated the presence of metallic Co in the pre-edge feature, (iii) The X- 
ray linear dichroism (XLD) exhibited unusual high values, (iv) In X-ray diffraction 
(XRD), an additional reflection appears (see below in Fig. 22, inset). Again, they 
were able to prove the existence of nanometer-sized metallic Co inclusions by EF- 
TEM unambiguously. Figure [2l|^b) shows a high-resolution TEM micrograph with a 
region of different contrast indicating a nanocrystal with a diameter of about 4 nm. 
The Co map (Fig. [2l|^c)) displays a higher signal in the same region whereas the Zn 
and O maps (Figs. [2T|^d,e)) reveal a depletion of these elements. The comprehensive 
study established the substantial advantage afforded by a combination of integral and 
microstructural techniques. This experimental approach is of significant potential value 
to a wide range of researches dealing with dilute systems or other complex materials. 
The authors have established that, contrary to numerous claims in the literature, phase- 
pure, crystallographically excellent Co^^:ZnO is uniformly paramagnetic, and that 
ferromagnetism arises only when phase separation or extensive defect formation occur. 
Interestingly, this effect is related to the choice of the proper substrate. Zno.95Coo.05O 
films are superparamagnetic and contain secondary phases when grown on ZnO(OOOl) 
(/ = 0), whereas Zno.95Coo.05O films are paramagnetic when deposited on Al2O3(0001) 
(/ = 18.2%) from the same PLD target with the same growth parameters (Fig. 22). 

In summary, very detailed and thorough studies provide increasing evidence that 
many of the previously published results on ferromagnetic behaviour in Co^^:ZnO 
most likely must be attributed to ferromagnetic or superparamagnetic nanometer-sized 
precipitates [2231 1233 12151 121II I2SSI l2Sni [2SZ1 [2SEI [2SS1 12111 12Z21 12Z3] • Unfortunately, 
several groups reported ferromagnetic behaviour in TM:ZnO only based on integral 
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Figure 22. Comparison of the magnetization M between Zno.g5Coo.05O grown on ZnO 
(green, superparamagnetic) and on AI2O3 (red, paramagnetic) using the same growth 
parameters. For both samples, M was normahzed to its respective values at 5 K and 
4 T. The inset shows XRD diagrammes of the out-of-plane a;-2^-scans around 44°. 
The superparamagnetic sample displays a weak signal (0.9 counts per second) close to 
the angles where reflections from secondary Co-rich phases are expected (vertical grey 
lines), the paramagnetic sample does not. 

SQUID magnetometry. However, an unambiguous clarification of tlie origin of 
magnetism in DMS systems requires a comprehensive study which systematically 
combines macroscopic and integral experimental techniques with a detailed microscopic 
and element-specific analysis. 

4-2. p-type ZnO 

Although its properties have been extensively studied for more than 50 years |216j . using 
ZnO for semiconducting electronics is handicapped because of the difficult control over 
its electrical conductivity. With regard to implementing ZnO into devices, an important 
issue is the reproducible fabrication of low-resistivity p-type ZnO. Unfortunately, ZnO 
crystals are natively always ?7,-type which has been a case of extensive debate and 
research so far |20H I205j . The non-availability of high quality p-type ZnO is still 
hampering the application of ZnO in spintronic and optoelectronic devices [21j. Both 
group-I (Li, Na, K) and group-V elements (N, P, As) are discussed as acceptor atoms, 
the former replacing Zn, the latter O (Tab. [T]). But, as for other wide band gap 
semiconductors such as GaN or ZnSe, p-doping is difficult \219\ \'274:\ \'275\ 1276] . On the 
one hand, dopants may be compensated by low energy native defects such as interstitial 
zinc (Zni) or oxygen vacancies (Vq) or background impurities such as hydrogen |277] . 
On the other hand, low solubility of the dopants in the host material is a problem |278] . 
Many of these dopants form deep acceptors and do not contribute significantly to p-type 
conduction (Tab. |l|) ^7^. 

In 2005, Tsukazaki et al. |219] reported promising progress by using the "repeated 
temperature modulation epitaxy" in conjunction with laser-MBE for p-doping of ZnO 
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Table 1. Calculated nearest-neighbour bond lengths R and defect energy levels ei for 
several negatively charged substitutional dopant elements, data taken from [279] . For 
comparison, the table also lists the energies AE required to form positively charged 
AX centers which convert acceptors into deep donors. As AE < for P and As, they 
are no suitable p-dopants. 





Element 


i?(A) 


ei (eV) 


AE 


Group I 


Li 


2.03 


0.09 


0.21 




Na 


2.10 


0.17 


1.04 




K 


2.42 


0.32 


1.38 


Group V 


N 


1.88 


0.40 


0.13 




P 


2.18 


0.93 


-0.46 




As 


2.23 


1.15 


-0.18 



with nitrogen. They deposited thin films of ZnO on insulating ScAlMg04 substrates 
(/ = 0.3%) |28U] in an O2 atmosphere of 1.33 x 10~^ mbar with simultaneous operation 
of a nitrogen atom source at 350 W. To achieve p-doping, they repeatedly applied the 
following procedure: (i) At a substrate temperature of 450°C, a 15 nm thin film of ZnO:N 
with high nitrogen concentration was deposited, (ii) At 1, 050°C, this film was then 
annealed and an additional 1 nm thin layer with low N concentration was deposited in 
order to activate nitrogen as an acceptor and to recover surface smoothness, respectively. 
This technique overcomes the problem that the nitrogen concentration decreases from a 
few 10^^ cm~^ at a growth temperature below 500°C to about lO^^cm"^ at 700°C. The 
authors were able to fabricate a p-i-n junction consisting of ZnO:N/ZnO/ZnO:Ga and 
demonstrated violet luminescence |219] . However, their results could not be confirmed 
by other groups so far. 

Very recently, Kumar et al. |276j reported stable p-type conductivity for (Li,Ni)- 
codoped, laser-MBE grown ZnO thin films on AI2O3 substrates at 400° C in O2 
atmosphere. In a narrow window of O2 pressure (10"'^ . . . 10~^ mbar), their films 
exhibited p-type conductivity with a maximum hole concentration of ~ 8.2 x 10^^ cm~^, 
determined via Hall effect measurements. However, these first results could not be 
confirmed by subsequent work so far |281j . Note that, in general, the sign of the charge 
carriers is difficult to deduce from Hall measurements alone if more than one conduction 
band is involved or if charge transport is via hopping. 

In summary, despite the above described success the problem of realizing p-type 
ZnO thin films is still unsolved with particular regard to stability, reproducibility, 
or efficiency. Neither group-I nor group-V dopants (nor codoping with either two 
different acceptors or with an acceptor and a donor species) led to a breakthrough 
toward high, stable, and reproducible p-type conductivity for the fabrication of pn- 
junctions |202j . However, substitutional effects in ZnO were and are exploited for the 
realization of electronic high-speed Schottky diodes |206] and metal-semiconductor field 
effect transistors [282]. 
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4-3. ZnO-based oxide hetero structures for spin injection experiments 

In semiconductor spintronics, spin-polarized currents must be injected, manipulated and 
detected in the semiconducting material. In this context, the spin dephasing time T2 
of mobile charge carriers - and the associated length scale for coherent spin transport - 
are fundamental parameters. While other semiconductors like GaAs and related III-V 
compounds have been studied extensively |283j . only very few reports on spin-coherent 
properties in ZnO exist |284^ 1285^ 1286^ 1287] . In their pioneering experiments from 2005, 
Ghosh et al. |284] observed electron spin coherence at room temperature in epitaxial ZnO 
thin films with a spin dephasing time of Tg* ~ 188 ps being susceptible to electric fields 
[286]. For bulk single crystals, they found T2 — 20 ns at low temperatures. Different 
authors report similar values for ZnO nanocrystals |285l 1287] . 

In 2011, Schwark et al. |288] investigated T2 evaluated by time- resolved Faraday 
rotation (TRFR) experiments in laser-MBE grown ZnO thin film samples on (0001)- 
oriented AI2O3 substrates. Interestingly, the TRFR signal depended on the excitation 
wavelength with a direct correlation between the maximum TRFR signal and the 
prominent /-lines in the photoluminescence (PL) spectra |289j . Tg* showed a maximum 
at a wavelength of 368.9 nm corresponding to an exciton bound to an aluminum donor 
(/g line |289j ). The spin dephasing times were found to ~ 15 ns, which is world record 
for PLD-grown thin films and in the same order of magnitude as reported earlier for 
bulk crystals. For MBE-grown ZnO thin films, they reported an even higher T2* 33 ns. 
A second maximum present at 368.3 nm corresponds to the J3 line related to an ionized 
donor-bound exciton |289] yielding ~ 10 ns. Donor-bound excitons thus allow the 
storage of spin information on time scales longer than the lifetime of a free exciton in 
ZnO. In summary, the experiments consistently showed that the electron spin dephasing 
time in ZnO is ^ 1 ns. However, substantial experimental effort is still required to 
unambiguously identify the mechanism(s) limiting spin coherence which is mandatory 
to exploit the unique properties of electron spins in ZnO-based spintronic devices. 

Injection of spin-polarized currents into ZnO via ferromagnetic electrodes faces the 
problem of a large conductivity mismatch to metallic 3c? ferromagnets preventing an 
efficient spin injection |290] . This can be circumvented either via the introduction 
of Schottky or tunnel barriers at the interface |291j or by the use of non- 
metallic ferromagnetic materials with low conductivity mismatch. Half-metallic oxide 
ferromagnets with a spin polarization close to 100% (see section [3]) are thus most 



promising. One candidate is the oxide ferrimagnet Fe304 (see section 3.4 ) with an almost 
complete spin polarization |65l 11511 1152] . a high Curie temperature of Tq ~ 860 K 
and the possibility to tune its electrical conductivity a ~ 200f2~^cm~^ at room 
temperature |156l 1164] via Zn substitution |145] . However, early Fes O4 /semiconductor 
heterostructures revealed difficulties in obtaining Fe304 thin films with high crystalline 
quality on both group IV and III-V semiconductors and displayed secondary phases 
at the interfaces gHl [2221 [2H31 1221 12SS1 M ^M\- Meanwhile, Fe304 was successfully 
deposited in high structural and magnetic quality on GaN |298] and ZnO [299]. 
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Figure 23. M{H) of a 34 nm thin, (lll)-oriented Fe304 film grown on (OOOl)-oriented 
ZnO, taken at 300K with H\\ [110]. The upper inset shows the same data on an enlarged 
field scale, the lower illustrates the structural quality by HR-TEM |299| . 



Nielsen et al. |299j reported that (lll)-oriented Fe304 can be epitaxially grown on 
ZnO(OOOl) substrates (/ = —8.3%) using laser-MBE. The authors also demonstrated the 
epitaxial growth of ZnO thin films on these ferrimagnetic (lll)-oriented Fe304 epilayers 
representing the first all-oxide ferromagnet /semiconductor epitaxial heterostructures. 
A detailed characterization of the samples showed that the magnetic and structural 
properties of the films on ZnO are state of the art, with sharp Fe304/ZnO interfaces 
(Fig. 23). These heterostructures are a prerequisite for electrical spin injection from 
Fe304 into ZnO. Preliminary experiments |300j reported the electrical injection of spin- 
polarized carriers from metallic Co electrodes, as demonstrated by an optical detection 
scheme. The observed signals vanished for temperatures above 40 K, indicating a 
correlation between donor-bound excitons and the electrical spin injection signal. 



5. Multiferroic Oxides and Heterostructures 



An extremely active and promising field of research is the integration of different ferroic 
ordering phenomena such as ferromagnetism, ferroelectricity, or ferroelasticity in one 
and the same "multiferroic" material [131 l3Ult I3U21 13U3[ I3U4[ I3U5] . The coexistence of 
ferroelectricity and ferromagnetism in novel multi-functional materials is particularly 
interesting, since this could allow the realization of new functionalities of electro- 
magnetic devices, such as the electric field-control of magnetization. Unfortunately, 
it turned out that there are very few intrinsic magnetoelectric oxide perovskites because 
the standard microscopic mechanisms driving ferroelectricity or ferromagnetism are 
incompatible. They usually require either empty or partially filled transition metal 
orbitals, respectively [3U6] . Furthermore, breaking the inversion symmetry is necessary 
to establish ferroelectricity and, of course, the material must be insulating as otherwise 
the mobile charge carriers would screen out the electric polarization. However, many 
ferromagnets tend to be metallic whereas most magnetic insulators turn out to be 
antiferromagnetic. The need for insulating behaviour can also cause problems if samples 
show leak currents, as this will suppress ferroelectricity even if the structure is non- 
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Figure 24. (a) The response of condensed matter to external electric fields (E), 
magnetic fields (H), or mechanical stress (a) are polarization (P), magnetization (M), 
or strain (e), respectively. For useful multiferroic materials exhibiting spontaneous P, 
M, or e* a strong coupling between the dielectric, magnetic, and elastic properties 
is required [T2]. Reproduced with permission from 197 . Copyright Wiley- VCH 
Verlag GmbH & Co. KGaA. (b) Classification of insulating oxides. The largest 
circle represents all insulating oxides among which one finds polarizable (cyan 
ellipse) and magnetizable materials (orange ellipse). Within each ellipse, the circle 
represents materials with a spontaneous polarization (ferroelectrics, blue) and/or a 
spontaneous magnetization (ferro- and ferrimagnets, red). Depending on the definition, 
multiferroics correspond to the intersection between the ellipses or the circles. The 
small circle in the centre denotes systems exhibiting a magnetoelectric coupling 
(magenta). Reproduced from |302j . 




centrosymmetric. Unfortunately, magnetic transition metal ions usually accommodate 
a wider range of valence states than their diamagnetic counterparts resulting in non- 
stoichiometry and hopping conductivity, preventing a magnetic ferroelectric ground 
state. Therefore, most of the multiferroics reported so far are antiferromagnets which are 
not expected to respond noticeably when applying magnetic fields. This has initiated the 
search for mechanisms favoring the coexistence of ferroelectricity and magnetic order in 
single-phase materials as, for example, in BiMnOa |3U7] or in extrinsic, two-component 
multiferroic thin film heterostructures [l2]. For the realization of useful multiferroic 
materials, however, the different ferroic order parameters do not only have to coexist, 
but must be coupled to each other (Fig. 24) to enable, e.g., an electric field-control 
of the magnetization in magnetoelectric multiferroics |308] . Laser-MBE is the growth 
technique of choice as it again offers many advantages in this field of research. Most 
important is its intrinsic flexibility which results from the use of non-volatile, solid 
starting materials which are held at room temperature. The ability to easily change the 
deposited thin film composition in situ without breaking the vacuum is another unique 
advantage enabling the development of novel materials, including metastable phases and 
artificial, multiferroic superlattices and heterostructures. 
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Figure 25. Publications per year with topic "BiFeOa" until 30 June 2011 (from Web 
of Science). 



5.1. Single-Phase Multiferroic Oxides 

As pointed out by Ramesh and Spaldin |304] . a single-phase magnetoelectric oxide 
perovskite can be configured in four general ways: (i) A large A-site cation can 
provide ferroelectricity via a lone pair of electrons due to stereo-chemical activity while 
a small i?-site cation rules ferromagnetism. This mechanism is realized in the Bi- 
based compounds BiFeOa, BiCrOa, and BiMnOa, see below, (ii) Ferroelectricity can 
be driven geometrically as, e.g., in hexagonal YMnOs |309t I310j . (iii) Ferroelectricity 
can be induced by a structural phase transition to a magnetic ground state that lacks 
inversion symmetry as, e.g., in orthorhombic iiMnOa (i? = Y; Ho, Er, . . . Lu) |311] . 
Below the phase transition temperature, those materials enlarge their unit cell and 
develop an electric dipole moment induced by a non-linear coupling to non-polar lattice 
distortions (buckling of the R-0 planes or shifts of the Mn-0 bipyramids). The resulting 
polarization is small but strong as it is caused directly by the magnetic ordering, 
(iv) Non-centrosymmetric charge-ordering arrangements can cause ferroelectricity in 
magnetic materials as in LuFe204 [312^ I313j . I finally note that most of the work 
reported on multiferroics has been performed in bulk materials, but increasing effort is 
made to obtain high-quality thin films [3]. 

The perovskite BiFeOs, being one of the few robust materials with ferroelectric 
and antiferromagnetic order well above room temperature, is in the focus of more than 



300 publications per year (Fig. 25). Bulk BiFeOs is antiferromagnetic below the Neel 
temperature of Tn = 643 K and ferroelectric below Tq = 1103K |314[ I315j . Strained 
thin films of BiFeOs attracted renewed interest after in 2003 Wang et al. |316j had 
reported a high ferroelectric polarization of 60/iC/cm^ together with a high residual 
magnetic moment of Ms = lyUe/f-u. However, there is an ongoing controversial 
discussion about the origin of this saturation magnetization |317l 1318] as the initially 
reported values for relaxed BiFeOs thin films could not be reproduced by subsequent 
work [2IZll3iniE2niE2Il[322]. in 2007, Geprags et al. [322] found Mg = 0.02/iB/f.u. in 
strained BiFeOs thin films which is in full agreement with other recent publications 
[317^ 1319^ 1320^ 1321] and older density functional calculations [3^. Meanwhile, it was 
shown that strain-free bulk crystals of BiFeOs do not show any parasitic ferromagnetism 
down to 2 K at all |324] . Whether or not the small magnetic moments reported for 
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BiFeOa thin films originate from nanoscale Fe-ricfi precipitates |320j or Fe^"*" spin canting 
still remains unresolved |325j . 

In 2006, Zhao et al. |326j reported on changing the antiferromagnetic domain 
structure in BiFeOs thin films by external electric fields. The authors simultaneously 
applied X-ray photoemission electron microscopy (PEEM) and piezoresponse force 
microscopy (PFM) to show that electric field-induced ferroelastic switching events 
resulted in a corresponding rotation of the magnetization plane. Bea et al. |327ll328ll329] 
discussed and extensively investigated the use of such thin films for exchange- 
biasing other ferromagnetic oxide layers with electrical control in spintronic multilayer 
structures, as did some other groups |330[ I331j . The ferroelectric polarization in BiFeOa 
is oriented along the diagonals of the monoclinically distorted tetragonal unit cell, 
giving rise to eight different possible polarization states and three types of domain 
walls, separating regions with polarization orientations differing by 180°, 109°, and 71° 
[332] . In 2009, Seidel et al. |333j found indication for electric conductance of the 180° 
and 109° domain walls via local probe measurements, consistent with first-principles 
density functional calculations |334j . From WO3, is it well known that selective doping 
of ferroelastic twin boundaries with oxygen vacancies can change their conductance, 
even leading to superconductivity [335J . Domain boundary engineering |336] in BiFeOs 
could open the door for a number of possible applications, such as sensors, memory 
devices, and switches |332j . For further information on BiFeOs, I refer the reader to 

[HESS]. 

Another interesting candidate material is BiCrOa. Bulk crystals are antiferromag- 
netic below Tn = 123 K [337J and show a weak ferromagnetic moment, which is at- 
tributed to Cr'^"'" spin canting |322] . The situation is similar in thin films, where a 
Neel temperature between 120 K |338j and 140 K |339] is reported. Regarding dielec- 
tric properties, the picture is unclear as both ferroelectricity at room temperature |338] 
and antiferroelectricity at 5K |339j have been observed. In tensile strained thin films, 
Geprags et al. \197\ I322j found parasitic ferromagnetism below a critical temperature 
of Tq = 128 K with a weak residual remnant magnetization of 0.015 /xe/f-u. at low tem- 
peratures (Fig. [26|^a)). This observation is consistent with the picture that the Cr^"*" 
spins are coupled antiferromagnetically and that a slight canting of the spins results in 
a weak ferromagnetic signal \323\ I340j . At 10 K, the electric polarization P showed an 
antiferroelectric hysteresis with P ~ 8 /zC/cm^ for high electric fields (Fig. [26|(b)) |197] . 

In summary, one has to say that neither BiFeOs nor BiCrOs thin films exhibited 
the expected coexistence of (weak) ferromagnetism and ferroelectricity. (i) BiFeOs is 
antiferromagnetic. The existence of the reported parasitic ferromagnetic phase could 
not be reproduced and most likely is an artefact, (ii) BiCrOs is antiferroelectric 
instead of showing ferroelectric behaviour, (iii) There is no clear evidence for intrinsic 
magnetoelectric coupling for BiFeOs nor BiCrOs |325j . 

(La,Bi)MnOs is one of the very few single-phase ferroelectric and ferromagnetic 
materials. In bulk, it shows a distorted perovskite structure (monoclinic space group 
C2, a = 9.5323A, b = 5.6064A, c = 9.8535 A, /3 = 110.667°) |3lll |3l2]. In 2002, 
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Figure 26. Magnetic and electric properties of BiCrOa thin films, (a) Remnant 
magnetization, measured after field cooling at 7 T in zero field. The inset shows a 
M{H) loop recorded at 25 K. (b) Dielectric polarization (thin solid lines, left scale) 
and dielectric current (thick solid lines, right scale). The field- up sweeps are shown in 
black, the field-down sweeps in red. The dashed vertical lines mark the field positions 
where the polarizations of the dielectric sub-lattices change their sign. Reproduced 
with permission from |197j . Copyright Wiley- VCH Verlag GmbH & Co. KGaA. 



Moreira dos Santos et al. |342l 1343] reported a small polarization of ~ lOOnC/cm^ with 
a ferroelectric Curie temperature around 450 K. The compound displays ferromagnetism 
below 105 K |337] as a result of an unusual orbital ordering triggered by the Bi 
electron lone pairs |344] leading to ferromagnetic superexchange and a magnetic moment 
of 3.6 /ie/f-u. |345] . Magneto-capacitance experiments performed by Kimura et al. |307] 
and theoretical models by Zhong et al. |346j suggested the presence of magnetoelectric 
coupling in this multiferroic compound. They found an anomaly in the dielectric 
constant at the Curie temperature which is not present when sweeping the temperature 
in a large magnetic field. 

Few double perovskite materials were also expected to simultaneously exhibit 
ferromagnetism and ferroelectricity |347] . Recently, thin films of Bi2FeCr06 were 
deposited on SrTiOs substrates |348j . They exhibit a remanent electric polarization 
of ~ 55/^C/cm^ and a magnetic moment of 2/iB/f.u. at 10 K. Also for Bi2NiMn06, 
deposited on SrTiOs, both ferromagnetic (Tc ~ 100 K) and ferroelectric order with a 
spontaneous polarization of ~ 5/iC/cm^ was found |349] . To stabilize its single-phase 
composition, the partial replacement of Bi by La was suggested [350]. However, these 
Bi-based double perovskites are difficult to fabricate due to the high volatility of bismuth 
and the crucial problem of -B-site ordering |197] . 
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Figure 27. Ferromagnetic resonance (FMR) fields of the Fe3 04/piezo system at 
room temperature as a function of the angle 9 between magnetic field H and the main 
elongation axis of the piezo actuator. The symbols represent data points obtained at 
different applied piezo voltages. The lines are simulations based on magnetoelastic 
theory. Reproduced with permission from jl97j . Copyright Wiley- VCH Verlag GmbH 
& Co. KGaA. 



5.2. Composite Multiferroic Hybrids 

An alternative route to realize multiferroic behaviour at room temperature are composite 
hybrids, consisting of spatially separated materials with different ferroic properties. 
Magnetoelectric systems operate by coupling the magnetic and electric degrees of 
freedom between two materials, generally a ferroelectric and a ferromagnet, via the 
elastic channel (Fig. [24|^a)). An applied electric field creates a piezoelectric strain in 
the ferroelectric producing a corresponding stress on the ferromagnetic material and a 
subsequent piezomagnetic change in magnetization or the magnetic anisotropy |351] . For 
more detailed information, I refer the reader to a recent review on composite multiferroic 
magnetoelectrics |352j . 

Work started several decades ago with bulk composites, but experimental 
magnetoelectric voltage coefficients were far below those calculated theoretically 
[353J . In the 1990s, calculations showed possible strong magnetoelectric coupling 
in multilayer configurations, an ideal structure to be examined by the growing 
field of complex oxide thin film growth |354] . A large number of materials was 
investigated in the following years, including ferroelectrics such as PbZr^^Tii-^^Os (PZT) 
[3551 [3561 ESIIESHI 1353 [3601 M PbMgo.saNbo.eyOa-PbTiOs (PMN-PT) [362], BaTiOa 
[SnSl [3S1 [MS [MSI [MZl [3M1 [3SS1 [371], and ferromagnets such as NiFe204 
[3561 [358], CoFe204 [3601 [366], Nio.8Zno.2-Fe204 [35l], (La,Sr)Mn03 [363l[359l[36ill367] . 
Lao.TCao.sMnOs [SSH], Pro.gsCao.isMnOg [MS], Fe304 [MHlIMn], Sr2CrRe06 [SZO], and 
others [372j . Some of these experiments showed great promise and magnetoelectric 
voltage coefficients up to AE/AH = 4680 mV/ (cm Oe). A larger problem with regard to 
thin film structures, however, is the clamping effect of the substrate on the ferroelectric 
phase [373] which can reduce the magnetoelectric voltage coefficient by a factor of up 
to five. 

In 2008, Brandlmaier et al. [361] demonstrated that the magnetic anisotropy and 
in turn the magnetization direction of Fe304 can be varied by an electric field. After 



Spintronic oxides grown by laser- MB E 



43 



depositing epitaxial thin films on (OOl)-oriented MgO substrates, the latter was polished 
down to a thickness of about 50 fim. To introduce an in-situ tunable strain, a commercial 
Pb(Zr,Ti)03 piezoelectric actuator was cemented on top of the Fe304 thin film |374ll375j . 
As demonstrated earlier for ferromagnetic (Ga,Mn)As [376], the in-plane expansion (or 
contraction) of the piezoelectric actuator as a function of the applied electric voltage 
^iezo is directly transferred into the ferromagnetic film, yielding a voltage-controllable 
strain contribution |361j . Applying ferromagnetic resonance (FMR) and magnetoelastic 
theory, the authors found a strain transmission efficiency factor of 70% from the 
piezoactuator to the Fe304 thin film. The changes of magnetic anisotropy induced 
by this piezo-strain result in a reversible shift of the free energy minimum and thus the 
magnetization orientation by about 6° at room temperature (Fig. 27). Even larger angles 
of 70° were obtained for polycrystalline Ni films which do not show a magnetocrystalline 
anisotropy [377]. 

Higher strains should be possible when replacing the piezoelectric actuator by 
a ferroelectric substrate. In 2009, Czeschka et al. |370] reported on ferromagnetic 
Sr2CrRe06, known for a giant anisotropic magnetostriction |126j . deposited on 
BaTiO3(001) substrates, representing the prototype ferroelectric. Its crystallographic 
structure shows a variety of phase transitions, dependent on the temperature (Fig. 28 ) 
|378] . Above 393 K, bulk BaTi03 is cubic and paraelectric. Below 393 K, it becomes 
ferroelectric and its lattice structure changes to tetragonal. Within the ferroelectric 
state, the lattice symmetry is further reduced to orthorhombic (below 278 K), and finally 
to rhombohedral (below 183 K). The dielectric constant, the spontaneous polarization, 
as well as the lattice constants change abruptly at these phase transition temperatures, 
accompanied by a thermal hysteresis |379] . The authors found that the lattice 
parameters of Sr2CrRe06 nicely follow those of the BaTi03 substrate [197j- They further 
reported qualitative changes in the magnetic anisotropy at the BaTiOs phase transition 
temperatures |370] . Abrupt changes in the coercive field of up to 1.2 T along with 
resistance changes of up to 6.5% have been observed and were attributed to the high 
sensitivity of the double perovskites to mechanical deformation |370j . 

Further experiments have been performed in Ni/BaTiOs hybrid systems. Geprags 
et al. |371] demonstrated that the magnetization M can be irreversibly switched 
as its coercivity was found to depend on the electric field applied to the BaTi03 
substrate. Alternatively, M could be changed reversibly by more than 20% due to the 
combined action of electroelastic strain and inverse magnetostriction. Two different 
remnant magnetization states could be electrically realized. These electroremanent 
magnetization states were traced back to irreversible domain wall effects in BaTiOs. 



6. Summary and Recent Developments 

Initiated by the progress in thin film technology since the discovery of high-Tc 
superconductors, the field of oxide electronics took off at the end of the 1990s and 
has been growing exponentially. In this topical review, we have seen that oxides 
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Figure 28. Structural and magnetic properties of (OOl)-oriented Sr2CrRe06 on 
BaTiOs. (a,b) Lattice parameters of the BaTiOs substrate and the Sr2CrRe06 
thin film I 197j . (c,d,e) Ferromagnetic hysteresis loops of Sr2CrRe06 for different 
crystallographic phases of the BaTiOs substrate [370] . 



offer versatile physical properties. They are one representative for strongly correlated 
electronic systems where different degrees of freedom are present and different ordering 
phenomena occur within the same materials. The competition between structural, 
charge, spin, and orbital order in transition metal oxides results in new physical 
ground states such as superconductivity, (anti)ferromagnetism, or ferroelectricity. In 
addition, the simultaneous development of laser-molecular beam epitaxy allows us to 
deposit the materials in a controlled layer-by-layer growth mode as thin films or hybrid 
heterostructures, making them suitable for various device applications. 

Half-metallic ferromagnetic oxides are superior to conventional 3d ferromagnets as 
they are expected to display a nearly complete spin polarization at the Fermi level. 
Competing magnetic interactions in the doped manganites, double perovskites, and 
magnetite stabilize ferromagnetic ground states up to Curie temperatures of 860 K and 
display large magnetic anisotropics. These materials were implemented in magnetic 
tunnel junctions exhibiting a high tunneling magnetoresistance of more than 1,000% 
in a few systems. However, in most experiments the maximally achieved TMR values 
fell far behind the expectations. More effort is needed to obtain a better control of the 
interface roughnesses or the microstructure of the tunneling barriers. Recently, the use 
of ferroelectric insulating barriers was suggested to realize four different resistive states 
depending on the relative orientations of the two magnetizations of the ferromagnetic 
electrodes and the two possible electric polarizations of the ferroelectric barrier |380] . 
Regarding experimental realization, however, it turned out to be problematic that thin 
barriers are no longer ferroelectric and thick barriers prevent the carriers from tunneling. 
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Semiconducting oxides are in the focus of current research for two reasons. First, 
zinc oxide was discussed as an ideal starting material for dilute magnetic doping with 
transition metal ions because Curie temperatures above 300 K were predicted. In an 
ongoing controversy, however, it became clear that phase segregation is a major problem. 
As a result of the formation of secondary magnetic phases at the nanometer scale, such 
materials may masquerade as room temperature ferromagnets when studied by integral 
methods although an element-specific investigation fails to support this behaviour. 
Second, the control over its electrical conductivity turned out to be difficult. At present, 
this problem is preventing major (spin)electronic applications of ZnO. 

Transition metal oxides are also discussed as possible candidates for multiferroic 
oxides where two or more ferroic order parameters coexist in one single phase. 
However, it is not yet clear how many oxides belong to the technologically relevant 
class of ferroelectric ferromagnets as the majority of the discussed materials exhibit 
an antiferromagnetic ground state. Nevertheless, first applications of single-phase 
multiferroics are reported, e.g. as ultrathin barrier material in spin-filter-type tunnel 
junctions |381j or as electrodes in semiconductor devices [3'8 2j . As an alternative, 
spatially separated, multiferroic, oxide hybrid structures could be successfully fabricated 
and offer an electric field-control of the magnetization. 

In the wide field of oxide-based thin films, of course, there is much more work 
to report on than that compiled in this topical review. Having marked the starting 
point of oxide electronics, superconducting oxides are still under investigation with 
regard to the basic mechanisms leading to Cooper pair formation and phase coherence 
at temperatures around 100 K. For thin films, the fabrication of Josephson devices 
was demonstrated |383j as well as the infiuence of epitaxial strain on their transition 
temperatures |384j . Nevertheless, their technological usage is still restricted to niche 
applications because of, amongst others, their mechanical properties which are difficult 
to control. In ferroelectric oxides, strains on the percent level were found to have 
a tremendous effect on the properties of thin films and superlattices [50]. They can 
turn non-ferroelectric materials ferroelectric at any temperature as well as enhance Tq 
by hundreds of degrees and simultaneously enhance their remnant polarization. This is 
important with regard to technological applications such as ferroelectric memory devices. 
Recently, oxide interfaces moved into the focus of current research after reporting the 
formation of a two-dimensional electron gas (2DEG) at the interface between the two 
band insulators LaAlOs and SrTiOa |385] . This high-mobility 2DEG was even found to 
become superconducting [386]. Moreover, controlling superconductivity and the carrier 
density was demonstrated via the gate effect |387] . This discovery resulted in an intense 
research into interfaces between polar and non-polar insulating oxides in general. 

In summary, artificial oxide heterostructures are particularly promising for the 
realization of materials with improved or new functionalities (e.g. a magnetoelectric 
coupling) and novel device concepts (e.g. an electric field-control of the magnetization). 
Hereby, interface and surface effects play a crucial role. Due to the complexity of the 
involved oxide materials, the rich variety of physics resulting from band bending effects. 
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magnetic exchange, or elastic coupling at interfaces in heterostructures is far from being 
understood and needs further detailed studies. Moreover, mixing of the different atomic 
species deposited in multilayer structures plays an important role and might influence 
or even dominate the overall physical properties. Therefore, a careful structural and 
element-specific investigation of the artificial material systems or device structures on 
an atomic scale is highly desirable for the study of complex functional oxides. The 
successful story of oxide thin films or heterostructures will continue, whether as new 
electronic compounds, as sensors, as memory devices, as solar cells or simply for their 
exciting science [388]. 
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